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Titanium dioxide (TiO2) has been extensively studied as one of the best choices of 
photocatalysts, attributing to its high activity and stability, non-toxicity and low cost. 
The band gap of the most popular structure of TiO2, anatase, is around 3.2 eV. The 
activation of TiO2 therefore needs light in the ultraviolet (UV) range with the 
wavelengths shorter than 388nm. Thus, TiO2 photocatalyst is usually used under the 
UV irradiation. However, the global energy crisis in recent years has urged the use of 
new and alternatively cheaper energy sources such as the sunlight. It is logically more 
advantageous to be able to use the natural sunlight than the UV light from engineered 
lamps as the light source for photocatalytic reactions, especially in the environmental 
field application. Since the solar light (another name of sunlight) that reaches the 
earth’s surface consists mainly of (about 45 %) the visible light (400 ~ 700 nm) but 
only a small fraction (around 4 %) of the UV light (200 ~ 400 nm), the direct 
application of conventional TiO2 under the solar light radiation is therefore not 
effective for photocatalysis. In addition, another fact is that both UV and visible lights 
attenuate quickly with the depth in water, as compared to that in air. A possible 
solution to the problems mentioned above is to develop photocatalysts that can be 
photo-activated under the solar radiation, particularly under the visible light, and can 
be used at around the water-air interface. In this thesis, TiO2 photocatalysts were 
modified and immobilized on a buoyant substrate (polypropylene) to obtain a buoyant 
composite photocatalyst that is effective to the visible light as well as the UV lights 
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and can be applied at water surface. The developed buoyant composite photocatalyst 
was tested for the degradation of organic pollutants (dye and phenol) under various 
simulated light irradiation conditions. Specifically, the work included the development 
of a low temperature hydrothermal method to immobilize modified TiO2 nano particles 
on the polypropylene (PP) substrate. Then, an improvement in the TiO2 loading on the 
PP substrate was attempted and successfully achieved. Following the preparation, the 
effect of thickness of the immobilized TiO2 film on the PP substrate on the 
photocatalytic reaction performance of methyl orange (MO) dye was examined. Finally, 
the prepared buoyant composite photocatalyst was investigated in a two-stage 
adsorption and photocatalytic regeneration process with an adsorbent component for 
the performance in phenol removal from aqueous solutions. 
In the first part, TiO2 was modified by doping mainly nitrogen and immobilized 
on PP granules (PPGs) to prepare a buoyant composite photocatalyst with visible light 
activities. TiO2 nano sol was first prepared in the presence of acetyl acetone (AcAc) or 
acetic acid (AcOH) as the inhibiting agent and subsequently modified with 
triethylamine (TEA). A one-step low temperature (150 ºC) hydrothermal process was 
developed for the simultaneous crystallization and immobilization of the treated TiO2 
nano particles on the PP substrate. The difference of the inhibiting agents to 
TEA-modification and the effect of TEA treatment time on photocatalyst light 
absorption properties were investigated. It was found that a longer treatment time of 
TEA on TiO2 sol enhanced the visible-light photoactivity and the inhibiting agent 
AcAc provided a better result for the TEA treatment than that of AcOH. 
 VII 
Characterization analysis with UV-Vis spectroscopy, Raman spectroscopy, X-Ray 
Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), Field Emission 
Scanning Electron Microscopy (FESEM) and Transmission Electron Microscopy were 
conducted. The crystal structures of the prepared TiO2 photocatalysts were found to be 
mainly anatase but a small amount of brookite. The crystal size of the modified TiO2 
photocatalyst was at about 7 nm in the particles but around 30 nm in the film on PP 
substrate, attributed to the different nucleation mechanisms. Both XPS and Raman 
spectra confirmed the existence of the nitrogen-doped composition (i.e, TiO2-xNx) but 
did not exclude the possibility of carbon-doped structure. Degradation of MO dye with 
the prepared buoyant composite photocatalyst was examined and good degradation 
performance was achieved under both UV and visible lights. 
In the second part, the focus was to increase the TiO2 loading that can be 
immobilized on the PP substrate to obtain a buoyant composite photocatalyst with a 
better photo-reactivity. In stead of PP granules, polypropylene fabric (PPF) was used as 
an alternative substrate in the experiment. A layered rutile and anatase TiO2 
configuration was developed to achieve greater amounts of immobilization of TiO2 
photocatalyst on the PPF. The achieved high loading of TiO2 on the buoyant composite 
photocatalyst with this new immobilization configuration was attributed to the bottom 
rutile TiO2 layer that constituted from heaps of small flower-like structures on the PPF 
and thus provided a high specific surface area for the top anatase TiO2 layer to be 
immobilized. The prepared buoyant composite photocatalyst with the rutile and 
anatase TiO2 configuration was found to be the most efficient one in MO dye 
 VIII 
degradation as compared to other configurations tested. MO dye (15 mg/L) was 
completely degraded within 2 h under the irradiation of a 150 W xenon lamp. From the 
High Performance Liquid Chromatography analysis, it was found that the MO dye 
degradation possibly followed different degradation pathways under the UV or visible 
light irradiation. More intermediate by-products were observed during the degradation 
process under the visible light than under the UV light and it took longer time for these 
intermediate by-products to be completely degraded under the visible light. The results 
showed the importance of developing buoyant composite photocatalyst with high TiO2 
photocatalyst loading, especially to improve the photoactivity under the visible light 
irradiation. 
In the third part of the study, the logical research interest was directed to examine 
the effect of photocatalyst film thickness immobilized on the PP substrate on the 
photocatalytic degradation performance of MO dye with different light sources. 
Experimental results showed that the increase in the photocatalyst film thickness 
resulted in the increase in the MO dye degradation rate under the visible light 
irradiation, but no obvious change under the UV light irradiation. This phenomenon 
was analyzed using the concept of active photocatalyst film thickness δ. The UV light 
was demonstrated to require much smaller active photocatalyst film thickness δUV and 
the actual film thickness on the prepared buoyant composite photocatalyst was usually 
already greater than the active film thickness δUV. Hence, further increase in the 
photocatalyst film thickness did not result in improved performances. In contrast, the 
visible light required much greater active photocatalyst film thickness δVis and the 
 IX 
actual photocatalyst film thickness on the prepared products was often smaller than the 
needed active film thickness δVis. As a result, further increasing the immobilized 
photocatalyst film thickness led to improved performances. Hence, for the prepared 
buoyant composite photocatalyst to be used under the sunlight, a greater photocatalyst 
film thickness can be advantageous.  
The final part of the study was to provide some preliminary information about the 
combination of the buoyant composite photocatalyst with an adsorbent component and 
the performance of the buoyant composite photocatalyst in phenol removal through 
adsorption and photocatalytic degradation or photocatalytic regeneration process. The 
added adsorbent was activated carbon (AC) powder. The composite material with an 
adsorbent component showed a fast adsorption and photocatalytic degradation of 
phenol in the first 30 to 60 min. The strong adsorption of phenol on AC possibly 
resulted in the poor migration of phenol molecules from AC’s micro pores to TiO2 
photocatalyst, which may affect the ultimate removal efficiency of phenol by the 
photocatalytic degradation. In further studies, a two-stage adsorption followed by a 
regeneration process in TiO2 slurry at 80 ºC was proposed and tested. It showed 
significantly improved performance for the composite material in phenol removal. 
In conclusion, buoyant composite photocatalyst on PP substrates with 
visible-light activity was successfully developed for the removal of organic pollutants 
from aqueous solutions. TEA modifications on TiO2 nano sol followed by a low 
temperature (150 ºC) hydrothermal reaction was established to prepare the composite 
 X 
photocatalyst. Other parameters including the effective inhibiting agent and the TEA 
treatment time were also studied to optimize the photocatalytic activity especially 
under the visible light irradiation. The modified photocatalyst was characterized and 
proved to be N-doped TiO2 while C-doping was not excluded. The loading of TiO2 on 
the buoyant composite photocatalyst was greatly improved through a layered rutile and 
anatase TiO2 configuration, attributed to the flower-like structure of the rutile TiO2 
immobilized at the base layer with large surface area that benefited more 
immobilization of the top anatase TiO2 layer. The effect of TiO2 film thickness on the 
performance of photocatalytic MO dye degradation under both UV and visible light 
irradiation was investigated. It was observed that when under the visible light 
irradiation, the degradation performance increased with the increase of the 
immobilized TiO2 film thickness, but the degradation performance remained 
unchanged when under the UV light irradiation. The phenomenon was explained using 
the relationship between the active TiO2 film thickness and the actual TiO2 film 
thickness. Then, the buoyant composite photocatalyst was prepared to contain an 
adsorbent (AC) to combine the photocatalytic process with adsorption. A preliminary 
two-stage adsorption process followed by a regeneration process in TiO2 slurry at 
raised temperature showed significantly improved performance in phenol removal.  
The study demonstrated that buoyant composite photocatalyst can be successfully 
prepared on PP substrates and its photoactivity can be greatly extended to visible light 
range. The study also demonstrated the excellent performance of the prepared 
composite material in MO dye and phenol removal from aqueous solutions.  
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In 1972, Fujishima and Honda published in Nature their newest finding that water 
can be decomposed on titanium dioxide (TiO2) electrode under light irradiation (1972). 
This paper has since aroused great research interest in photocatalysis, and has been 
regarded as the footstone of the numerous studies on photocatalysis in subsequent 
years till now. Photocatalysis is the acceleration of a photoreaction in the presence of a 
catalyst. The catalyst used in photocatalytic reaction is called photocatalyst and the 
chemical compounds participating in photocatalytic reaction are called reactants. 
When irradiated by light, photocatalysts can generate initial active groups, including 
electrons (e-) and holes (h+), which can react with the reactants. The generation 
mechanism of e- and h+ in photocatalysts involves the photo excitation of the 
semiconductor band gap because most photocatalysts are semiconductors. Band gap is 
a special phenomenon found in semiconductors, and at the bottom of band gap is the 
valence band (VB) filled with electrons while at the top of band gap is the conduction 
band (CB) with no electron. Therefore, the band gap energy is the energy difference 
between CB and VB. As shown in Figure 1. 1 and Eqs. (1.1) ~ (1.7), when 
photocatalysts absorb light (hv) having higher energy than the band gap energy, 
electrons in VB absorb the energy and will be excited to CB. As a result, there are 
holes generated in VB by the electrons leaving while there are extra electrons in CB. 






The h+ in VB and the e- in CB are the excitation results initiated by light and are not in 
their steady state, so tend to react with reactants especially the water molecules (H2O) 
or the oxygen molecules (O2) adsorbed on photocatalyst surface, and produce hydroxyl 
radicals (OH·) and hydroperoxyl radicals (OOH·), which are secondary active groups 
primarily existing in photocatalytic reaction. Alternatively, h+ and e- can recombine 
and release heat if they do not react with reactants.  
 
TiO2 + hv → e- + h+                                                 (1. 1) 
H2O → {H2O}ads                                                   (1. 2) 
O2 → {O2}ads                                                      (1. 3) 
h+ + {H2O}ads → H+ + {OH·}ads                                        (1. 
4 ) 
e- + {O2}ads → {O2-}ads                                               (1. 5) 
{O2-}ads + H+ → {OOH·}ads                                           (1. 6) 
h+ + e- → Q                                                       (1. 7) 
Since Fujishima and Honda published their study, photocatalysis has been 
 
Figure 1. 1  Excitation mechanism of photocatalyst 
Chapter 1  
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extensively applied in various areas. One of the most popular research areas is solar 
cell, in which the ‘free’ photo energy from the sun is transferred to electric energy 
(Kuo and Lu, 2008). For example, photocatalysts were used to decompose water into 
hydrogen with the energy absorbed from the sun and the produced hydrogen has been 
regarded as an advanced energy source that is not only efficient in combustion but also 
environmentally benign. Another application of photocatalysis goes to the fabrication 
of functional materials. These materials include self-clean, anti-mist and anti-bacterial 
ones. The photocatalysts in these functional materials become super-hydrophilic and 
produce active groups such as OH· or OOH· that can decompose the dirty compounds. 
It is the photocatalyst added in the functional materials that granted them with the 
special functions that other common materials do not have (Li et al., 2004; Mor et al., 
2004; Luo et al., 2007; Yao et al., 2008). Thirdly, photocatalysis has also been applied 
to green chemistry. ‘Green’ chemistry employs photocatalytic technical route to 
replace the current or the traditional chemical manufacturing processes to avoid or 
reduce the generation of extra by-products and toxic pollutants (Herrmann et al., 2007). 
Last but not least, photocatalysis has been widely applied in pollutant removal from air 
and water.  
It is well known that global water crisis is becoming a more and more serious 
issue. It has been reported on Nature’s website that more than one billion people in the 
world have little access to clean water, and this water shortage problem is getting 
worse (2008). In the next two decades, the average supply of water per person will 
drop by 33% (2008). The great shortage of clean water is also attributed to the 
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unqualified discharges of wastewater without proper treatment. In some countries, 
wastewater containing toxic compounds is directly discharged into rivers and seas to 
avoid the treatment cost (Wang et al., 2007). Moreover, even though conventional 
water and wastewater treatment plants are opened, new pollutants that can not be 
effectively removed by conventional water and wastewater treatment processes are 
emerging (Bolong et al., 2009; Bernabeu et al., 2011). Therefore, scientists and 
engineers are exploring for more efficient processes that can effectively remove 
contaminants of emerging concern from wastewater. Photocatalysis meets many, if not 
all, of these requirements because the active groups such as OH· generated in 
photocatalysis process can efficiently and effectively degrade various toxic organic 
compounds into less or non harmful ones. This has made photocatalysis receiving great 
interest from researchers to apply this technology to wastewater treatment. 
The application of photocatalysis in water and wastewater treatment may be 
traced back to more than 30 years ago. In 1976, TiO2 photocatalysts were documented 
to photo-dechlorinate polychlorinated biphenyls pollutant in water by Carey et al. 
(1976). After the publication of that work, photocatalysis has been extensively studied 
and used as a water or wastewater treatment technology. The pollutant compounds that 
have been studied as the targets include inorganic compounds such as chromate(IV) 
contaminated water (Saeki et al., 2010) and various organic compounds. Dyes, 
especially azo dyes, are mostly employed as the research object (Chen et al., 2005). 
Phenol and phenolic compounds such as bisphenol (Guo et al., 2010) and 
4-t-octylphenol (Hosseini et al., 2007; Chang et al., 2010) is another category. Other 
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compounds such as humic substance (Wiszniowski et al., 2004), pesticide (Atheba et 
al., 2009), alkene (Panagiotou et al., 2010) and glyphosate (Assalin et al., 2010) have 
also been studied. Meanwhile, diary sewage (Zmudzinski, 2009) and municipal 
wastewater (Melemeni et al., 2009) were also directly employed as the research objects. 
Other techniques or chemicals have been reported to facilitate photocatalytic removal 
of pollutants from wastewater, including the use of ultrasonic wave (Shang et al., 
2009), hydrogen peroxide (Czech, 2009) and ferrate (VI) (Sharma et al., 2010).  
On the material side, different photosemiconductors have been studied as 
photocatalysts, although only a few of them were found to be suitable for 
photocatalytic removal of pollutants from aqueous solutions or wastewater (Mehrotra, 
2002), because some are not stable and some do not have suitable conduction or 
valance bands. Pure and perfect photosemiconductors without any impurity and defect 
are named as intrinsic semiconductor, while photosemiconductors having some 
impurities in the crystal lattice are called extrinsic semiconductors. Extrinsic 
semiconductors are divided into n-type and p-type. The n-type semiconductors are 
those with atoms capable of providing extra conduction electrons to the host material, 
and creating an excess of negative electron charge carriers in the semiconductors. The 
impurities that can provide e-, such as phosphor, are called donor. Analogously, the 
p-type semiconductors are those added with a certain type of atoms that increase the 
number of positive charge carriers, and the impurities that provide h+, such as iron (III), 
are called acceptor. The p-type semiconductors are rarely used because most of them 
suffer serious instability problems, even though their band gaps are usually small. It 
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has been generally found that only the n-type semiconductor oxides are stable toward 
photo-anodic corrosion, although they usually have so large band gaps that these 
semi-conductors only absorb the UV light. In Figure 1. 2, the energy levels of several 
semiconductors in aqueous media at pH 0, together with the redox potential of 
hydrogen evolution and oxygen evolution, are depicted. Here, water photooxidation is 
used as a model reaction, and only semiconductors with conduction band potential 
lower than 0 and valance band higher than 1.25 eV have enough oxidation and 
reduction power to generate hydrogen and oxygen according to the redox potential. 
This analysis can provide an initial selection on candidate photocatalyst materials. 
Although the screening method depends on the type of reactions concerned, it is based 
on water splitting that seems to be most important and convenient in understanding the 
potential redox power of a given semiconductor (Serpone and Pelizzetti, 1989). 
Definitely, factors, including lifetime, toxicity and availability, etc., should be 
considered in the selection of a photocatalyst for wastewater treatment. 
So far, TiO2 is still the mostly studied photocatalyst to remove aqueous pollutants. 
This is, to a large extent, attributed to the advantages of TiO2 having relatively high 
photo-activity under the UV light, being non-toxic and readily available in the market. 
TiO2 photocatalyst is traditionally produced in the form of particles and is applied 
directly into the solution under treatment, forming a slurry system. With the 
development of nano technology, TiO2 particles are prepared in nano dimension which 
can increase the reaction rate. However, since nano particle photocatalysts can well 
disperse into the wastewater under treatment, it is very hard to extract or separate the 
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nano particle photocatalyst from the water that has been treated. Although, new 
technology such as membrane filtration may be used as an effective method to separate 
the nano particle photocatalysts from the treated water, a cake made up of the nano 
particles is easily and quickly formed, which will seriously reduce the permeate flux 
and make a great loss to the efficiency (Lee et al., 2001; Chiemchaisri et al., 2007; 
Syafei et al., 2008). To overcome the separation difficulty, TiO2 nano particle 
photocatalysts have been immobilized on various macro substrates or supports, 
particularly the inorganic ones, including glass, metals, silicon slides and even stones 
(Hosseini et al., 2007; Rao and Chaturvedi, 2007). 
Figure 1. 2 Energy structures of different photosemiconductors (Mori, 2004) 
In addition, there is an tendency in environmental photocatalysis to change the 
light source from artificial UV lamps to the natural solar light (another name of 
sunlight). This is due to the recent concern over global energy crisis that has greatly 
driven the conventional practices to consider using solar light as an alternative to the 






UV light in future photocatalytic applications to save energy (Herrmann et al., 2002). 
Toward this target, the two most important issues to be resolved are the development 
of photocatalysts that have excellent activity under solar light and the design of 
photocatalytic reactors or processes that utilize light at a high efficiency. The solar 
light only contains 3~5 % UV light but about 45 % visible light. Since the band gap of 
the common anatase TiO2 is 3.2 eV, corresponding to 388 nm in the wavelength, this 
type of photocatalyst can be activated only by UV light. Therefore, to effectively use 
solar light as the light source, it is important to extend the TiO2 photocatalytic activity 
to the visible light range (Anpo, 1997).  
 
Figure 1. 3 Solar light spectra (Mori, 2004) 
For photocatalytic reactors, the light transmission, as clearly stated in 
Beer-Lambert law, is: 






                                                     (1. 8) 
(where T is the transmission of light; I0 and I are the intensity of the light before and 
after the transmission in the media, respectively; l is the light travelling distance 
through the transmission media; α is the attenuation coefficient of the transmission 
media). The light intensity I after going through a specific material (air or water 
solution, etc.) depends on the light travelling distance l and the attenuation coefficient 
α. Since the attenuation coefficient in water is at least 100 times greater than that in air 
(Denny, 1993), light attenuates more quickly in water than in air. It was reported that in 
Taihu Lake (China), the intensities of UVA (320 ~ 400 nm), UVB (280 ~ 320 nm) and 
UVC (200 ~ 280 nm) on water surface were around 48.08 W/m2, 0.05 ~ 48.08 W/m2 
and 0.05 W/m2 respectively (Yang et al., 2003). The penetration of UV was very weak 
and the overall intensity of UV at 0.5m depth below the water surface was found to be 
less than 1% of that on water surface. For visible light, the intensity on water surface 
was 480.77W/m2 and that at 0.5m below the water surface was only 20% (Yang et al., 
2003). In order to make full use of light supplied, quartz reactors with very short light 
traveling distance in water have been developed. Although the light utilization 
efficiency may be improved, the process incurs very high capital and operational costs 
(Cen et al., 2006). Another practice is to coat TiO2 film on hollow glass microspheres 
(Chen et al., 2007). These hollow glass microspheres are buoyant and can floating 
water surface where solar light can be full utilized at the water surface. However, the 
preparation method typically involved a dip-coating of the hollow glass microspheres 
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in a TiO2 sol, followed by a calcination treatment of the coated microspheres at a high 
temperature above 400 oC (Chen et al., 2007). A major limitation of these 
developments lies in the fact that the hollow glass microspheres are generally 
expensive and, as a substrate, are fragile and can easily break, especially in the high 
temperature calcination process. Besides, the TiO2 photocatalyst immobilized on 
buoyant hollow glass microspheres in that approach was only active under the UV 
light. 
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1.2 Research objectives and scopes 
Based on the aforementioned overview, it is evident that photocatalysis, 
especially with TiO2 photocatalyst, has been extensively studied and has shown great 
potential in the application of water or wastewater treatment. However, the traditional 
or conventional photocatalytic processes have encountered some challenges or 
difficulties. The difficulties mainly include the separation problems and the high 
energy cost resulting from artificial UV lights needed. Therefore, the overall objective 
of this project is to develop a buoyant composite photocatalyst that can float on water 
surface to avoid the light attenuation problem and to overcome the separation difficulty. 
This is to be achieved by immobilizing TiO2 photocatalyst on a chemically stable and 
low-cost buoyant substrate. The immobilized TiO2 photocatalyst will be modified to 
make it active under both the UV and the visible lights, which provides the prospect 
for the prepared material to possibly work with the sun light. The specific scopes of the 
study are listed below: 
(a) To develop a method that can prepare TiO2 photocatalyst with visible light 
activity and the prepared photocatalyst can be immobilized on a plastic substrate, 
particularly, polypropylene, at a relatively low temperature (lower than the melting 
point of the plastic substrate). 
(b) To evaluate the photoactivity of the prepared buoyant composite 
photocatalysts for their performance in photocatalytic degradation of some typical and 
persistent organic pollutants. Particularly, methyl orange dye and phenol are selected 
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as the pollutants because of their common existence in industrial wastewater and less 
biological degradability. 
(c) To understand and study the factors that may affect the performance of the 
prepared buoyant composite photocatalysts including the effect of photocatalyst 
loading or film thickness on the buoyant substrate, and the effect of different light 
source irradiations, etc. 
(d) To combine the prepared buoyant composite photocatalysts with an adsorbent 
component and then investigate the performance of the material in an adsorption plus 
photocatalytic degradation for pollutant removal or a two stage adsorption followed by 
a photocatalytic regeneration process for the reuse of the prepared composite material.  
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1.3 Organization of the thesis 
Chapter 1 gives a brief overview on the area of research interest for this study and 
defines the specific objective and scopes of this research project. 
In Chapter 2, a more detailed and comprehensive review is provided, including 
the photocatalysts with activity under visible light, the modification of TiO2 
photocatalyst, the effects of photocatalyst morphology and configuration on 
photocatalytic reactivity and the photocatalytic reaction systems used in water or 
wastewater treatment, especially those employing solar light as the light source. The 
review attempts to outline the current state-of-the-art in the relevant areas of interest to 
this study. 
Chapter 3 first presents the development of a low temperature hydrothermal 
method that allows the TiO2 photocatalyst to extend its photoactivity to visible light 
range. Meanwhile, the prepared photocatalyst can be immobilized on a polypropylene 
substrate in the same hydrothermal process. 
In Chapter 4, further study in improving the prepared buoyant composite 
photocatalyst by increasing the loading of the immobilized photocatalyst on the 
buoyant substrate is described. The photocatalytic degradation performance for methyl 
orange dye using the buoyant composite photocatalyst with different TiO2 loading is 
presented. 
Chapter 5 examines the effect of thickness of photocatalyst film immobilized on 
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the buoyant composite photocatalyst on the degradation of the methyl orange dye in 
aqueous solutions under different light sources.  
Chapter 6 describes a further development to add an adsorbent component to the 
buoyant composite photocatalyst and investigate the performance of the composite 
material in an adsorption plus photocatalytic degradation for pollutant removal or a 
two stage adsorption followed by a photocatalytic regeneration process for the reuse of 
the prepared composite material.  
Finally, Chapter 7 concludes the research project with its findings and makes 
some recommendations for possible future study or improvement.  




2.1 TiO2 photocatalyst 
TiO2 photocatalyst has been extensively studied in the pollutant removal from water or 
wastewater since the publication of Carey’s study in 1976. A large part of these studies were 
to improve the photoactivity of TiO2 photocatalyst.  
2.1.1 TiO2 crystal structures 
To improve the photoactivity of TiO2 and consequently decrease the photocatalytic 
degradation time of pollutant compounds, various factors that may affect the TiO2 
photoactivity have been studied. Among these, the most extensively studied factor was the 
TiO2 crystal structure. TiO2 may have the crystal structure of anatase, rutile and brookite. 
Anatase and rutile have the same symmetry, tetragonal 4/m 2/m 2/m, but different structures. 
In rutile, the structure is based on octahedrons of TiO2 which share two edges of the 
octahedron with other octahedrons and from chains. In anatase, the octahedrons share four 
edges hence the four fold axis. Brookite belongs to orthorhombic crystal system. The simple 
tetragonal and orthorhombic crystal systems are shown in Figure 2. 1 and the crystal 
structures of anatase and rutile TiO2 are shown in Figure 2. 2. Among the three crystal 
structures of TiO2, only anatase and rutile have been widely studied mostly due to the 
difficulty of synthesizing pure brookite because it usually forms as a secondary minority 
phase along with rutile and/or anatase (Addamo et al., 2006). For the anatase and rutile TiO2, 




it is generally believed that the photoactivity of the anatase TiO2 is higher than that of the 
rutile TiO2 (Addamo et al., 2006; Li et al., 2007; Ohsawa et al., 2009) possibly due to the 
higher hole (h+) mobility in the anatase than in the rutile TiO2 (Ohsawa et al., 2009). 
 
Figure 2. 1 Simple tetragonal (anatase and rutile) (a) and orthorhombic (brookite) (b) 
crystal systems  
 
Figure 2. 2 Crystal structures of anatase (a) and rutile (b) TiO2 
TiO2 consisting of a mixture of anatase and rutile phases has been found to show 
greater photoactivity than the pure anatase or rutile structure TiO2 by many researchers 
(Ding et al., 2000; Zhang et al., 2000; Yu et al., 2002; Hurum et al., 2003) for a large 
number of contaminants. Zhang et al. (2000) prepared ultra fine nano-sized TiO2 
photocatalysts in the anatase, rutile, or both forms by the hydrolysis of TiCl4 solution. The 
mixtures of anatase and rutile TiO2 exhibited higher photoactivity and were more effective 
in the degradation of phenol, in comparison with anatase or rutile TiO2 only. In another 
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study, a series of TiO2 samples with different anatase-to-rutile ratios was prepared with 
calcination. The roles of the two crystallite phases of TiO2 in the photocatalytic activity for 
oxidation of phenol in aqueous solution were studied. It was found that samples with higher 
anatase-to-rutile ratios had higher activities for phenol degradation and the activity of the 
same sample was also greatly related to the amount of the surface-adsorbed water and 
hydroxyl groups and the sample’s surface area (Ding et al., 2000). The same synergistic 
effect between rutile and anatase TiO2 particles was also found by Ohno et al. (2003). In 
order to investigate the mechanism of this synergistic effect, Hurum et al. (2003) studied the 
lower activity of pure-phase rutile TiO2 using electron paramagnetic resonance (EPR) 
spectroscopy. The inactivity was attributed in part to the rapid recombination of the excited 
electrons and holes. In a mixed-phase of TiO2, however, such fast recombination problem 
was greatly inhibited. The same phenomena were also found by Yu et al. (2002) in the 
mesoporous TiO2 nanometer thin films they prepared.  
2.1.2 Precious metal deposition on TiO2 
Deposition of precious metals on TiO2 photocatalyst surface was found to be another 
effective way to improve the photoactivity of TiO2. The mechanism of the photoactivity 
improvement was mainly ascribed to the inhibiting effect of the deposited precious metals 
on the recombination of the electron/hole pair, though the effect varied slightly according to 
the precious metals deposited on TiO2 surface.  
Sato and White (1980) were the first who found the catalytic activity for water 
decomposition on wet Pt/TiO2 while none on TiO2 electrode. Then, Courbon et al. (1981) 
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found that Pt functioned to attract the electrons and thus decrease the recombination of 
electron-hole pairs. The morphology of Pt on TiO2 surface was found to be in clusters 
(Pichat et al., 1982) and even 10% Pt in mass was deposited, only 6% of the TiO2 surface 
was covered by Pt clusters with most of the surfaces being still exposed, meaning that 
increasing the deposited Pt amount on TiO2 may not necessarily result in the increase of the 
photoactivity of TiO2.  
The deposition of silver (Ag) on TiO2 was also studied (Herrmann et al., 1997). For the 
photocatalytic degradation of malic acid, an apparent increase of the photoactivity with the 
presence of metallic Ag on TiO2 surface was observed, which was ascribed to the increase 
in exposed surface and in the electron-hole pair separation efficiency. Tada et al. (1998; 
2000) studied the photocatalytic reduction of bis (2-dipyridyl) disulfide (RSSR) to 
2-mercaptopyridine. The reaction enhancement of TiO2 deposited with Ag was also 
observed. They ascribed the enhancement effect to three factors, including the enhanced 
adsorption of RSSR, the separation of reduction sites (Ag) and the oxidation sites (TiO2) 
and the respectively selective adsorption of oxidant (RSSR) and the reductant (H2O) on the 
reduction and oxidation sites. 
 Gold (Au) deposited and Au3+ doped TiO2 photocatalyst has been prepared by a 
photoreduction/sol-gel process (Li and Li, 2001). Methylene blue (MB) dye was degraded 
and the results indicated that the Au deposition on the surface of TiO2 could eliminate the 
electron/hole pair recombination and the Au3+ doping in TiO2 could increase the light 
absorption in the visible range. In another study, Au was also deposited on TiO2 surface via 
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electron beam evaporation (Arabatzis et al., 2003). The most advantageous surface 
concentration of Au particles in the composite Au/TiO2 was found to be 0.8 µg/cm2 for the 
azo dye degradation in this study. 
As a summary, the deposition of precious metal on TiO2 surface can enhance the 
photoactivity of TiO2 mainly due to the inhibition of electron hole pair recombination. 
However, the high price of precious metals is a major factor that inhibits their practical 
applications in the improvement of TiO2 photoactivity. 
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2.2 Modifications of TiO2 
Anatase TiO2 has a band gap around 3.2 eV and can absorb light with a wavelength 
shorter than 388nm i.e., in the UV light range. In order to use solar light as the light source, 
it is necessary to extend the photoactivity of TiO2 photocatalysts to the visible light region. 
The methods that have been used to modify TiO2 have been extensively explored, including 
element doping, combination with other semiconductors and the use of sensitizer, etc.  
2.2.1 Semiconductor combined TiO2 
Semiconductors having a lower band gap such as cadmium sulfide (CdS) have been 
combined with TiO2. CdS is easily excited by light due to its lower band gap (2.5 eV), and 
the excited carriers (electrons and holes) will be injected to TiO2. For example, coupled 
semiconductors CdS-TiO2 colloidal system was prepared to study the mechanistic and 
kinetic details of the charge injection from excited CdS to TiO2 (Gopidas et al., 1990). The 
interaction between CdS and TiO2 colloids led to the quenching of CdS emission. 
Transmission electron microscopic analysis indicated the possibility of several CdS 
colloidal particles interacting with a single TiO2 particle. Broad absorption in the visible 
light range (500 ~ 760 nm) was found. An improved charge separation in the coupled 
semiconductor system was also indicated by the extended lifetime of carriers. In another 
study, Bi2S3/TiO2 and CdS/TiO2 heterojunctions were prepared according to a heat 
treatment at 240 and 400 ºC, respectively (Tristao et al., 2006). It was clearly found that the 
heterojunctions prepared by precipitation of the sensitizer with TiO2 were more attractive 
than a direct mixture of both components. The importance in maintaining sufficiently 
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available surface of TiO2 was also emphasized to obtain a good interaction with the species 
present in the solution. 
However, it was also reported that normal metal sulfide semiconductors including CdS 
always suffer a drawback of corrosion under light irradiation (Zhang et al., 2004). The 
photocorrosion of CdS in aqueous media is attributed to the anodic reaction given in Eq. 
(2.1) at the CdS surface, which is thermodynamic and kinetically more favored than the 
water oxidation reaction in Eq. (2.2) (Sabate et al., 1990).  
2 CdS + 2 h+ → 2 Cd 2+ + S22-                                             (2. 1) 
2 H2O + 4 h+ → 4 H+ + O2                                                (2. 2) 
Davis and Huang (1991) examined the photocatalytic oxidation of sulfur-containing 
compounds using CdS and found that the presence of sulfur-containing organics reduced the 
photo-corrosion of CdS. Yan et al. (2010) fabricated a novel composite consisting of CdS 
nano particles and exfoliated two-dimensional TiO2 nanosheets to suppress the 
self-corrosion tendency of CdS. It was found that the exfoliated 2D nanosheets played an 
important role as an ultrathin coating in suppressing the photocorrosion of CdS and the 
CdS/TiO2 composites exhibited enhanced photoactivity in the oxidation of Rhodamine B in 
water under visible light irradiation. The preparation of this CdS/TiO2 composite included a 
calcination process at 400 ºC for 2h.  
Other TiO2 composites include TiO2/Fe2O3 prepared by sol-gel impregnation and 
calcination at 500, 700 and 900 ºC (Pal et al., 1999). The binary mixed oxide exhibited 
excellent light absorption within the wavelength of 570 ~ 600 nm. TiO2/ZnFe2O4 was 
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prepared according to a magnetron sputtering method (Li et al., 2000). An annealing process 
at 450 ~ 650 ºC was used to obtain anatase phase that favors photocatalytic reaction. It was 
found that the absorption edge of the TiO2/ZnFe2O4 composite moved to the visible light 
range and a large red shift occurred in comparison with that of the pure TiO2. TiO2-CeO2 
films were fabricated by magnetron sputtering method (Liu et al., 2005). It was found that 
the photoactivity under UV was improved as compared to that of the pure TiO2 film in the 
degradation of MB dye. Photoactivity under the visible light was also confirmed.  
2.2.2 Metal ion doped TiO2  
Metal ion doped in TiO2 can introduce impurity levels. Impurities that can provide e- 
are called donor, and their levels are called donor levels, Ed. Analogously, impurities that 
provide h+ are called acceptor, and their levels are called acceptor levels, Eh. As shown in 
Figure 2. 3, the energy gaps between impurity levels and conduction or valence band are 
shortened, in comparison with the energy gap between the valence band and conduction 
band. Therefore, the doped TiO2 may absorb visible light and generate active groups. 
Choi et al. (1994) conducted a systematic study in metal ions doping in quantum-sized 
TiO2 colloids. It was found that the presence of metal ion dopants in the TiO2 crystalline 
matrix significantly influenced the photo reactivity, charge carrier recombination rates, and 
interfacial electron-transfer rates. Doping with Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and Rh3+ 
at 0.1 ~ 0.5 at. % in TiO2 was found to significantly increase the photo reactivity for both 
oxidation and reduction while Co3+ or Al3+ doping was found to decrease the photo 
reactivity. The photo reactivity of doped TiO2 appeared to be a complex function of the 






dopant concentration, the energy level of dopants within the TiO2 lattice, their d electronic 
configuration, the distribution of dopants, the electron donor concentration, and the light 
intensity (Choi et al., 1994). 
 
Figure 2. 3 Three different transitions in TiO2 (Zhang et al., 2004) 
1. intrinsic transition from valence band to conduction band; 2. transition from valence 
band to acceptor impurity level; 3. transition from donor impurity level to conduction 
band; 4. 5. transition under thermal effect. 
W, V, Ce, Zr, Fe and Cu metal ion doped TiO2 was prepared by a solution combustion 
method (Nagaveni et al., 2004). The enhancement of absorption in the visible light region 
was observed in the cases of Cu, Fe, Ce and V doped TiO2. The UV-Vis spectra of Zr doped 
TiO2 was found to blue-shift to the lower wavelength region due to the large band gap of 
ZrO2 (~ 5 eV) and the W doping had little effect on the light absorption. The photocatalytic 
degradation of 4-nitrophenol under UV and sun light exposure was investigated to evaluate 
photocatalyst activity. When under UV exposure, the activity of metal ion doped TiO2 
decreased. The activities were in the order of TiO2 > Fe3+/TiO2 >W6+/TiO2 > Ce4+/TiO2 > 
Zr4+/TiO2 > V5+/TiO2 ~ Cu2+/TiO2. The authors considered the doped metal ions acted as 
recombination center for electron/hole carriers instead of suppressing electron/hole 
recombination. 
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The amount of metal ions doped is an important factor affecting photocatalytic activity. 
Xu et al. (2002) prepared metal ion (La3+, Ce3+, Er3+, Pr3+, Gd3+, Nd3+ and Sm3+) doped 
TiO2 photocatalysts by a sol-gel method and evaluated their activities by decomposing 
nitrite. The UV-Vis spectra of metal ion doped TiO2 showed red shifts to longer wavelengths. 
The optimum amount of metal ions doped was found to be at around 0.5 wt%, at which 
each sample showed the most reactivity.  
The mostly used preparation method to dope metal ion into TiO2 is the sol-gel method 
(Xu et al., 2002; Kim et al., 2005). Metal salts were added to the TiO2 precursor solution in 
the preparation process of the TiO2 sol. The TiO2 photocatalyst was then obtained by aging 
the TiO2 sol, drying the gel to remove the solvents, followed by a calcination treatment 
above 400 ºC. Other methods are physical processes such as plasma-enhanced chemical 
vapor deposition (Cao et al., 2004), which in general requires expensive devices. Vacuum 
devices and high frequency electric field are necessary to generate plasma to dope metal 
ions into TiO2 and deposit the doped TiO2 on substrates. Liquid phase deposition (LPD) 
does not need any expensive devices, and was once used to dope Fe3+ into TiO2 (Zhou et al., 
2003). Boric acid (H3BO3) solution was added into (NH4)2TiF6-HFeF4 mixture solution 
supersaturated with anatase nano crystalline TiO2 at 35 ºC, then the Fe3+ doped TiO2  
slowly deposited onto substrates. However, the Fe3+/TiO2 samples prepared by this method 
was reported to have low crystallinity and activity, unless calcinated at 300 ºC. 
Hydrothermal process is possibly the only route that does not require expensive devices and 
very high temperatures; and in fact it can greatly reduce the temperature of doping treatment 
to even under 200 ºC (Zhu et al., 2006; Zhu et al., 2006). Metal ions can be doped into TiO2 
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according to a hydrothermal treatment of the TiO2 dried gel in a metal salt solution at 180 
ºC.  
2.2.3 Sensitized TiO2 
Photosensitization is widely used to extend the photoresponse of TiO2 into the visible 
light region. Sensitizer, normally dye, adsorbed on TiO2 can be excited by the visible light 
and subsequently inject electrons to CB of TiO2. While the CB acts as a mediator for 
transferring electrons from the sensitizer to substrate electron acceptors on TiO2 surface, the 
VB remains unaffected in a typical photosensitization. Oregan and Gratzel (1991) 
introduced a low-cost but highly efficient dye-sensitized TiO2 solar cell. After that, dye 
sensitized TiO2, especially its application in solar cell, was extensively studied. However, 
studies applied to the degradation of pollutants are few. The main barrier is that the dye 
sensitizers easily decompose in water especially in an aerobic environment (Cho et al., 2001; 
Zhang et al., 2004).  
Cho et al. (2001) reported a study of decomposition of carbon tetrachloride (CCl4) on 
TiO2 by tris (4,4’-dicarboxy-2,2’-bipyridyl) ruthenium (II) complexes. 50 ~ 100 µM 
ruthenium (II) complex solution was directly added to the reaction system and the Ru (II) 
sensitizer was sacrificial because it was oxidized to Ru (III) species after the electron 
transfer. They also reported to use 2-propanol as a sacrificial electron donor to regenerate 
the Ru (II) sensitizer, and the same dechlorination rate can be maintained for 6 h. Later the 
same research group reported the effect of platinum nano particle deposits on TiO2 using the 
same sensitizer (Bae and Choi, 2003). It was reported that photo deposition of platinum 
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nano particles on dye-sensitized TiO2 drastically enhanced the degradation rate of 
trichloroacetate and CCl4. These two studies successfully employed Ru (II) complexes 
sensitizer to degrade organic pollutant in water and maintained the sensitizer stability with 
2-propanol as a sacrificial electron donor for a few hours. However, the dye sensitizer and 
electron donor were also added to the reaction system, making the water under treatment 
containing more organic compounds. These processes may apply to some special toxic 
compound removal but are not advantageous to be used in the conventional municipal 
wastewater since more organic compounds (dye sensitizers) were introduced even before 
the treatment.  
Mele et al. (2003) impregnated anatase TiO2 with functionalized Cu (II)-porphyrine 
and Cu (II)-phthalocyanine and found that the prepared samples were more efficient for the 
photo-degradation of 4-nitrophenol, as compared to bare TiO2. The photocatalyst 
impregnated with Cu (II)-porphyrine showed a better performance in 4-nitrophenol 
degradation. The sensitizers were prepared by themselves and were dissolved in chloroform 
(CHCl3) or dichloromethane (CH2Cl2) with TiO2 added into the solution. The mixture was 
stirred for 3 ~ 4 h and the solvent removed under vacuum. Although this study did not 
directly add the dye sensitizers to the reaction system, there is still a great possibility that 
sensitizers will leak into the water under treatment.  
Besides dye molecules, polymer was also used as a sensitizer to TiO2. Gou et al. (2004) 
successfully linked a conjugated polymer on the TiO2 surface as an electron donor. The 
prepared photocatalyst could be activated by the UV and visible lights. And methyl orange 
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solution can be decolorized in a few minutes under visible light. The polymer used was 
however not clearly disclosed in the published paper. In another study, the conversion 
properties of nano structured TiO2/copolymer of thiophene-2-carboxylic acid and 
3-hexylthiophene (CTCHT) film electrode were studied (Hao and Cai, 2006). It was found 
that the nano structured TiO2/CTCHT film electrode could enlarge the visible light 
absorption and obviously increase the photocurrent in the visible light region and the 
photocurrent threshold was shifted to 650 nm. These conjugated polymer sensitized TiO2 
photocatalysts have been widely used in photovoltaic devices but are seldom used in 
organic pollutant removal from water. Song et al. (2007) attributed this to the challenging 
problems of the poorer stability and the lower electron mobility of the conjugated polymers. 
Polymer and dyes were also applied together to get sensitized TiO2. Park and Choi 
(2006) proposed an alternative approach to attach ruthenium complex sensitizers at the 
TiO2/H2O interface. The surface of TiO2 particles was coated with perfluorosulfonate 
polymer (cation-exchange resin: Nafion), and then Ru(bpy)32+, whose bipyridyl ligands are 
bound within the Nafion layer. It was found that the visible light induced production of H2 
on the prepared complex was far more efficient than that on Ru(bpy)32+-TiO2. The roles of 
the Nafion layer on TiO2 were explained as providing binding sites for cationic sensitizer 
and enhancing the local activity of protons in the surface region.  
2.2.4 Non-metal doped TiO2 
The metal ion doped TiO2 and the semiconductor combined TiO2 were found to have 
improved photoactivity to the visible light. However, a lot of them were found to obtain the 
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photoactivity in the visible light region with a sacrifice of reduced photoactivity in UV 
(Zhang et al., 2004). These doped metal ions or combined semiconductors may serve as the 
recombination centers for the electron/hole carriers. Actually, only by controlling the doping 
concentration within a narrow range can improve photoactivity under the visible light 
without damaging the photoactivity under UV.  
The doping of non-metal to TiO2 was explained by Asahi et al. (2001). They have 
proposed three requirements to introduce visible-light activity by doping: doping should 
produce states in the band gap of TiO2 that absorb visible light; the conduction band 
minimum (CBM), including subsequent impurity states, should be as high as that of TiO2 or 
higher than the H2/H2O level to ensure its photoreduction activity; and the states in the gap 
should overlap sufficiently with the band states of TiO2 to transfer photo excited carriers to 
reactive sites at the catalyst surface within their lifetime.  
From these requirements, they proposed using anionic species for doping rather than 
cationic metals, which often give quite localized d states deep in the band gap of TiO2 and 
result in recombination centers of carriers. The TiO2-xNx films were prepared according to 
sputtering the TiO2 target in an nitrogen/argon (N2/Ar) gas mixture and annealed at 550 ºC 
in N2 gas. The TiO2-xNx powder samples were prepared by treating anatase TiO2 in the 
NH3/Ar atmosphere at 600 ºC. Both film and powder samples showed photoactivity under 
the visible light range in degrading MB dye and gaseous acetaldehyde, respectively.  
Other methods were also reported having successfully doped N into TiO2. N-doped 
TiO2 has been prepared by pulsed laser deposition method using TiN target in nitrogen gas 
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mixture. It was found that the film structure and properties strongly depended on the target 
material and nitrogen concentration ratio in the gas mixture. In another study, anatase, 
brookite and rutile type TiO2-xNy were prepared by a homogeneous precipitation 
solvothermal process at 190 ºC (Yin et al., 2005). N-doped TiO2 powders were prepared by 
heating titanium hydroxide with urea at 400 ºC (Kobayakawa et al., 2005). A wet method 
was also used to dope N into TiO2 by hydrolysis of titanium isopropoxide (Ti(OCH(CH3)2)4, 
TTIP) and titanium tetrachloride (TiCl4) in a commercial ammonia solution and calcination 
of the precipitates at 330 ºC or above temperatures (Sato et al., 2005). Gole et al. (2004) 
have reported a study to prepare nitrogen-doped crystal TiO2 photocatalyst at room 
temperature through treating TiO2 nano sol with triethylamine in the presence of a large 
amount of Pd salt as the phase transfer catalyst. The successful doping of nitrogen in TiO2 at 
room temperature was ascribed to the small size of the TiO2 nano sol particles.  
Except for N-doped TiO2, carbon (C) doping is also popularly studied to modify TiO2. 
Irie et al. (2003) prepared C-doped anatase TiO2 powders by oxidizing commercial titanium 
carbide powders. The oxidation was at 350 ºC for 36 h in air and the annealing was at 600 
ºC for 5h under oxygen atmosphere in a furnace. A yellowish sample was obtained and was 
analyzed using XRD. It was found that the oxygen sites were occupied by carbon atoms, not 
only at the surface of the powders but also in the powders. Xu et al. (2006) considered 
carbon doping as lowering the band gap of TiO2. Their carbon-modified TiO2 nanoparticles 
were synthesized by hydrolysis of TiCl4 in the presence of tetrabutylammonium hydroxide 
or glucose and sodium hydroxide. Ren et al. (2007) prepared visible light active TiO2 
through carbon doping by glucose as carbon source. Their preparation was performed by a 
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hydrothermal method at 160 ºC. The C-doped TiO2 showed obvious absorption in the 400 ~ 
500 nm light range with a red shift in the band gap transition, and the resulting C-doped 
TiO2 exhibited significantly higher photocatalytic activity than the undoped samples. 
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2.3 Buoyant photocatalyst substrates 
Due to the quick attenuation of light in water, it is more preferable to use TiO2 
photocatalyst at around water surface. In order to obtain buoyant photocatalyst, TiO2 has 
been immobilized on hollow glass microspheres (Portjanskaja et al., 2006). A major 
limitation in hollow glass microspheres lies in the fact that the hollow glass microspheres 
are generally expensive and, as a substrate, they are fragile and can easily break, especially 
in the high temperature calcination process. Therefore, in this study other materials as the 
buoyant photocatalyst substrate are considered. 
Plastic polymers are the most popularly used material in the world, and are widely 
applied in various areas. Most of them have a low price, and quite a lot of them have very 
good mechanical strength and chemical stability. Actually, in the literature, some authors 
have tried to immobilize TiO2 nano particles onto various polymer substrates including 
acrylonitrile butadiene styrene (ABS), polystyrene (PS) (Dutschke et al., 2003; Yang et al., 
2006), poly ethylene terephtalate (PET), poly methyl methacrylate (PMMA), polycarbonate 
(PC) (Langlet et al., 2002; Matsuda and Matoda, 2003), poly dimethyl siloxane (PDMS) 
and orthophthalic polyester (OP) (Iketani et al., 2003; Paschoalino et al., 2006). However, 
these polymers have densities greater than water (Table 2. 1) and will sink to the water 
bottom except PDMS. PDMS belongs to silicone rubber that is not a good choice of 
photocatalyst substrate in water since it is not stable when exposed to acid/base or organic 
solvent.  







Table 2. 1 Polymer characteristics 
Polymer Density (k/m3) 
Melting 







ABS 1040 ~ 1060 175 Poor Good Medium 
PS 1050 240 Medium Poor Poor 
PET 1370 260 Good Good Good 
PMMA 1150 ~ 1190 240 Good Good Good 
PC 1200~1220 267 Good Good Good 
PDMS 965 - Medium Poor Poor 
OP 1110 ~ 1200 - - Good Poor 
It can be found in the handbook (Brandrup et al., 1999) that all the polymers with 
densities below 103 kg/m3 belong to either polyolefin group or rubber. For rubber, no matter 
silicone rubber or natural latex, just as mentioned earlier, are elastic and usually unstable in 
acid/base media or organic solvent. Some specially treated rubber may have good resistance 
to UV, acid/base or organic solvent, but their price is very high. Therefore, polypropylene 
(PP) was selected as the substrate because of its lower density than water, stability in 
acid/base, resistance to UV, commercial availability and diversity of shape and structure 
(Table 2. 2). 
Table 2. 2 Polypropylene characteristics 
 Character 
Density (kg/m3) 850 ~ 950 
Melting point (ºC) 165 
Crash-worthy Good 
UV resistance Good 
Acid/base resistance Good 
Organic solvent resistance Good 
PP belongs to thermoplastic polymer having wide applications, including packages, 
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ropes, textiles and plastic container. It is nontoxic, unusually resistant to many acids, bases 
and solvents. It has excellent mechanical strength. Its density is 0.85 g/cm3 ~ 0.95 g/cm3 
depending on the crystalline degree, making it buoyant on water surface. Although it is less 
resistant to the UV light compared with polyethylene (PE), PP’s melting point is around 165 
ºC and much higher than that of 100 ºC for PE. As other vinyl polymers, PP can not be 
synthesized by radical polymerization. It is polymerized from monomer propylene by 
Ziegler-Natta catalyst such as titanium trichloride or titanium tetrachloride along with an 
aluminum based co-catalyst under controlled temperature and pressure. The structure of PP 
includes atactic, isotactic and syndiotactic and the commercial PP products are usually 
mixtures of mostly isotactic and a little bit atactic. The methyl groups of the atactic PP 
distribute randomly on both sides of the C-C chain as shown below: 
 
Isotactic means that the methyl groups are placed consistently on one side. Such 
molecules tend to coil into a helical shape, and these helices line up next to one another to 
form the crystals with strengthened crashworthiness.  
 
For the syndiotactic PP, its methyl groups locate regularly and alternately on both sides 
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of the chain: 
 
The stability of PP under thermal environment and UV has been studied. An 
experimental study carried out on the isotactic PP (Luzuriaga et al., 2006) reported that PP 
granules remained very stable in a 100 ºC oven even for 10 months. The stability was 
characterized by hydroperoxide (H2O2) content, crystallinity, mechanical and rheological 
properties, etc. The stability under the UV light was also tested by being exposed to the 340 
nm UV light in a weather-o-meter device for one or two weeks. The H2O2 due to polymer 
degradation in PP exhibited a little bit higher concentration than that in PE but much lower 
than in high-impact polystyrene. In another study (Lipp-Symonowicz et al., 2006), the 
influence of UV radiation on the mechanical properties of PP fiber was studied. It was 
found that PP fibers were highly stable when incorporated with UV stabilizers. The effect of 
light stabilizer (HALS) and TiO2 pigment on the photo degradability of PP samples was also 
studied by Turton and White (Turton and White, 2001). The PP samples with the light 
stabilizer showed much better stability than those without the light stabilizer, which worked 
as a radical scavenger. The addition of the TiO2 pigment further inhibit the degradation of 
PP possibly because the TiO2 pigment blocked UV light penetration and limited the photo 
degradation. This study confirmed the light stability of using the PP polymer as the 
substrate of the buoyant composite photocatalyst because the outdoor used PP products are 
commonly added with light stabilizers (Sachon et al., 2010) and the TiO2 photocatalyst on 
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the surface of PP substrates can be regarded as the TiO2 pigment that blocked the UV light 
penetration.  
PP was therefore selected as the buoyant photocatalyst substrate in this study. Thus, the 
next target is to find an appropriate method that can immobilize onto PP substrate the active 
TiO2 photocatalyst with the visible light sensitivity.  
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2.4 Preparation of modified TiO2 on polymer substrates at low 
temperature 
As reviewed previously, the photo sensitivity of TiO2 has been extended to the visible 
light region using various methods. However, these methods were mostly for powder 
samples and at high temperature ( > 400 ºC). The target is to prepare TiO2 photocatalyst 
with visible light sensitivity on PP substrate, and the entire preparation process needs to be 
at a low temperature that is less than the melting point of PP.  
For the coating of polymer substrate with inorganic thin films, methods such as 
plasma-enhanced chemical vapor deposition (PE-CVD) or sputtering are mostly applied (Li 
et al., 2000; Cao et al., 2004; Liu et al., 2005). These methods require expensive devices, 
and therefore are limited in their practical applications. Another practical method is the wet 
method from sol-gel processes that does not incur high instrumental cost, but is usually not 
applicable to polymer substrate since the necessary anneal process requires the use of 
temperature at higher than 400 ºC to obtain crystalline inorganic nano particle film (Pal et 
al., 1999; Li and Li, 2001; Xu et al., 2002). In 1988, the liquid phase deposition (LPD) 
method was firstly introduced by Nagayama et al. who deposited dense and uniform silica 
film on a glass surface by immersing it in a hydrofluosilicic acid at room temperature 
(Nagayama et al., 1988). Because of the simplicity of the process, it was then extensively 
used in the coating of TiO2 thin film on various substrates including polymers (Wang et al., 
2000; Dutschke et al., 2003). Dutschke deposited TiO2 film with an estimated crystallinity 
of 58% (Dutschke et al., 2003) on polystyrene (PS) surface. It was also found that film 
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formation was not affected by the hydrophilicity of the substrate surface, but satisfactory 
adhesion was only found on the surfaces after hydrophilic modifications. Zhao and Zhou et 
al. (Zhao and Fang, 2002; Zhou and Zhao, 2002; Zhou et al., 2003) found that the 
crystallinity and activity of TiO2 can be improved by either a calcination process at 300 ºC 
or the addition of crystal seeds into the deposition solution. After these treatments, the 
activity of TiO2 film was increased by four times, as compared to that deposited at room 
temperature, due to the improved crystallinity. In order to obtain visible light sensitive TiO2, 
they also conducted Fe3+ doping by adding Fe3+ into the deposition solution (Zhou et al., 
2003). A calcination process at 300 ºC was still required in order to acquire high reactivity 
of the doped TiO2. These studies showed that the annealing process at high temperature was 
necessary for preparation of visible light active TiO2 film. So LPD method can not be 
applied to film preparation on PP substrate. Hydrothermal reaction is a method that can 
greatly reduce the temperature and widely employed in TiO2 modification. Zhu et al. (2006) 
prepared Fe3+ doped TiO2 by combining sol-gel method with hydrothermal treatment, and 
the reaction temperature was reduced to 180 ºC. Ren et al. (2007) prepared carbon doped 
TiO2 using glucose as carbon source at 160 ºC by a hydrothermal method. These studies 
have greatly reduced the reaction temperature when doping elements into TiO2 crystalline, 
but the reaction temperatures are still higher or close to the melting point of PP (165 ºC). 
Therefore, other processes with a maximum temperature around 150 ºC or below are needed 
to immobilize modified TiO2 onto PP substrate.  
Djaoued et al. coated TiO2 film with various degree of porosity onto glass or silicon 
wafer substrates by a dip-coating process followed by a crystallization process in boiling 
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water in a hydrothermal reactor (2002). A similar experiment has been conducted to coat the 
silica-titania gel on the polymer substrates. The substrates were treated in 90 ºC warm water 
to get crystalline film (Matsuda and Matoda, 2003). Crack free porous thick TiO2 film has 
also been fabricated by coating mixed paste of P25 TiO2 powder and TiO2 precursor 
followed by water steam treatment (Zhang et al., 2002; 2003). Although the TiO2 films 
prepared in these studies were unmodified TiO2 and only effective under UV, these studies 
showed that the post treatment in hydrothermal reactor can obtain highly crystallized TiO2 
film at comparatively low temperature.  
Gole et al. have reported a study to prepare nitrogen-doped crystal TiO2 photocatalyst 
at room temperature through treating TiO2 nano sol with TEA in the presence of a large 
amount of palladium salt as the phase transfer catalyst (2004). The successful doping of 
nitrogen in TiO2 at room temperature was ascribed to the small size of the TiO2 nano sol 
particles. However, as confirmed by preliminary investigations in this project, the TiO2 nano 
sol can not be turned into crystallized TiO2 photocatalyst after TEA treatment without using 
the expensive precious metal salt as the phase transfer catalyst.  
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2.5 TiO2 configuration effect on photocatalytic reaction 
The configuration of TiO2 photocatalyst powder was found to be another factor that 
has apparent effects on the photoactivity of TiO2. Generally speaking, particle size is one of 
the most important configuration parameter for TiO2 powder photocatalysts, and TiO2 
powder with smaller particle sizes can provide a larger surface area and therefore a greater 
photoactivity. Ohtani et al. (1985) prepared extra-fine crystallite (11 ~ 23 nm) of brookite 
TiO2 by air oxidation of TiCl3 in aqueous HCl solution and a calcination at 600 ºC in some 
cases. The prepared TiO2 exhibited marked photocatalytic activity for both dehydrogenation 
of propan-2-ol in aqueous solution, and the photocatalytic activity of the brookite TiO2 
increased as the crystallite size decreased. Anpo et al. (1987) investigated the photocatalytic 
hydrogenation of CH3CCH with TiO2 photocatalyst of extremely small particle size (55 ~ 
2000 Å). Size effect was found to be especially significant for TiO2 particles smaller than 
100 Å.  
Although the photoactivity of TiO2 photocatalysts generally increases with the 
decrease of photocatalyst particle size, the configuration effect of TiO2 on photocatalytic 
reaction was complex. For example, Bekbolet and Uyguner (2002) have conducted a 
kinetics study on natural organic matter degradation using commercially popular Degussa 
P25 TiO2 and Hombikat UV-100 TiO2 powder. Interestingly, they found that the smaller size 
( < 10 nm) and higher surface area (189 m2/g) of Hombikat UV-100 TiO2 (anatase) did not 
render higher adsorption capacity of NOM in comparson with the larger size ( ~ 30 nm) and 
smaller surface area (55 m2/g) of Degussa P25 TiO2 (80% anatase 20% rutile). The results 
were attributed to the large sizes of humic acid molecules that may have stereo hindrance 
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effect especially on small nano particles. Different crystallite sizes (9 ~ 15 nm) of nano TiO2 
powders were synthesized by the solvothermal method (Kongsuebchart et al., 2006). It was 
found that surface defect increased significantly with the increasing of TiO2 crystalline size 
and the TiO2 photocatalyst with higher amounts of surface defects exhibited much higher 
photocatalytic activity for ethylene decomposition.  
In addition, Li and Liu (2003) prepared TiO2 photocatalysts with special configurations 
- microspheres (30 ~ 160 μm) with a porous structure to overcome the separation difficulty 
of TiO2 photocatalysts with small dimensions especially in the nano range from the treated 
water or wastewater. TiO2 photocatalysts with these configurations appeared to have strong 
adsorption ability in its aqueous suspensions. Their photocatalytic activity was evaluated in 
the photodegradations of salicylic acid (SA) and sulfosalicylic acid (SSA). The 
experimental results showed that the reaction rate using the TiO2 in microsphere (30 ~ 160 
μm) with porous structures was similar to that using the TiO2 powders (10 ~ 25 nm) in the 
SA suspensions and even higher than that in the SSA suspensions. The prepared TiO2 
microsphere samples were reused in the photooxidation reaction more than 50 times and no 
significant weakening in their photoactivity and no change in their particle shape was 
observed. 
For the photocatalyst in film form, configuration effect of photocatalyst was less 
reported. Similar to powder samples, film thickness and surface are the two most important 
configuration parameters. Al-Homoudi et al. (2007) has compared the carbon oxide gas 
sensor made of anatase TiO2 film on sapphire substrate with a thickness of 250 nm and 1000 
nm. They found that the film with larger thickness of 1000 nm showed stronger decrease in 
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the resistance at higher CO concentration (>40 mg/L) and attributed this phenomenon to the 
better crystalline quality of the thicker film prepared through their method and the direct 
interact of CO with thicker film. In another study, Andronic and Duta (2008) investigated 
the relationship of film surface roughness and contact angle. They found that the higher the 
films porosity, the lower the contact angles and attributed this to a fast adsorption of the 
liquid in the films pores, which favors the wetting process. These two studies mentioned 
configuration effects of TiO2 films, but they are both not related to photocatalytic reaction 
performance. Thimsen et al. (2008) deposited two different morphologies of TiO2, a 
granular morphology and a highly crystalline columnar morphology, into films with the 
thickness in the range of 98 nm to 12 μm to establish the relationship to water splitting and 
dye-sensitized solar cell performance. It was found that for water splitting there was an 
optimum thickness. The previous studies showed that photocatalyst configurations have an 
effect on photocatalytic reaction. Therefore, one of the objectives in this thesis is to 
investigate the configuration effects of photocatalyst in film form, immobilized on 
polypropylene substrate, on their photocatalytic reaction performance. 
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2.6 Photocatalytic reactor engineering 
2.6.1 Slurry system and immobilized photocatalyst reactor 
Photocatalytic reactors firstly appeared as a slurry system where photocatalyst particles 
were directly dispersed in the water solution under treatment (Hacker and Butt, 1975). In 
later studies, photo degradation of phenol, 2,4-dichlorophenol, 2,3,5-trichlorophenol and 
pentachlorophenol has been performed using an upflow slurry reactor (Alberici and Jardim, 
1994). Parameters including photocatalyst concentration, air supply rate, etc. were studied 
to find the optimum reaction conditions. Other important study areas in slurry systems 
included the determination of the internal photo distribution to improve the light efficiency 
(Curco et al., 1996; Serpone et al., 1996; Serpone, 1997), because the light sources provided 
inside or outside the reactors attenuated quickly in the slurry.  
The slurry systems have the difficulties in separating photocatalyst particles from 
treated water. Meanwhile, the slurry systems with interior or exterior UV lamps were 
considered to have a great deficiency in reactor design in light utilization (Sczechowski et 
al., 1995). Therefore, reactors with immobilized photocatalysts appeared in the 1990s. The 
photocatalysts were immobilized on such as the reactor walls in the reactors such as and this 
avoided the difficulties of separation for the TiO2 particles from the treated water. The 
reactors typically have an annular shape with the UV lamps installed inside, which is to 
ensure a short light travelling distance to the photocatalyst films (Serpone, 1997; Burns et 
al., 1999). Thus, the light utilization efficiency is improved, as compared to the slurry 
systems.   
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The illumination period was believed to have a huge effect on the reaction rate in both 
slurry and immobilized systems. Sczechowski et al. (1995) proposed a Taylor vortex reactor 
that can generate instability in the fluid flowing between two coaxial cylinders when the 
inner cylinder rotates. The UV light source was inside the inner cylinder and generated 
darkness within equivalent part of a vortex if the fluid containing photocatalyst particles 
was optically dense. Therefore, the vortices moved the photocatalyst particles into and out 
of the illuminated portion of the reactor and established controlled periodic illumination 
effects on photocatalyst particles. The periodic illumination reactor was also studied by 
Buechler et al. (1999) on immobilized TiO2 film, and they designed a reactor to study the 
effects of continuous or controlled periodic illumination (CPI) on photocatalytic reaction. It 
was found that the photo efficiency for continuous illumination decreased from 80% to 5% 
when the light intensity increased from 0.05 to 5.5 mW/cm2 and the photo efficiency 
increased from 5% to 20% when the CPI of a 0.6 s lighting time and a 2 s dark time was 
applied. In their later studies, the mechanism of the controlled periodic illumination effect 
was explained as a result of intraparticle diffusion in flocculated particles, mass transport of 
oxygen to the catalyst surface, slow or weak adsorption of formate ion, or a combination of 
these processes (Buechler et al., 2001).  
2.6.2 Combined with other processes 
In order to improve the overall performance, photocatalytic reaction systems have been 
combined with other processes, especially membrane systems (Sopajaree et al., 1999; Ollis, 
2003). Molinari et al. (2002) reported the experimental results of photocatalytic membrane 
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reactors with various designs. They reported that the design the recirculation tank was 
irradiated and the photocatalyst was in suspension was the most promising one for industrial 
applications. Augugliaro et al. (2005) used a solar photoreactor with photocatalyst in 
suspension, coupled with a membrane module, to degrade a common antibiotic - the 
lincomycin. The influence of initial concentration on the lincomycin photooxidation rate 
was investigated and found to follow a pseudo-first order kinetics. Natural organic matter, 
particularly fulvic acid (FA), was photocatalyzed using a photocatalysis-ultrafiltration 
reactor (Fu et al., 2006). The effects of pH, photocatalyst concentration as well as light 
intensity were examined. The results revealed that the degradable behavior of FA can be 
reasonably described by a first-order reaction kinetics. In another study, the selection of 
polymeric membranes for photocatalytic - membrane process was studied (China et al., 
2006). Ten membranes were evaluated and the results showed that polytetrafluoroethylene, 
hydrophobic polyvinylidene fluoride and polyacrylonitrile (PAN) membranes showed the 
greatest stability. However, PAN membrane was found not suitable to be exposed to 200 
mM H2O2/UV condition for 10 days.  
In recent years, plasma combined photocatalytic reactors were also extensively studied 
for both air and water treatment (Subrahmanyam et al., 2007; Thevenet et al., 2007). Plasma 
is a gas in which a certain portion of the particles are ionized. It is produced by charged gas 
within which there are lots of active groups. In the area of wastewater treatment, Mok and 
Jo (2007) have incorporated plasma into wastewater treatment. A high voltage electrode was 
vertically installed above the surface of azo dye wastewater. Various oxidative species were 
produced between the tip of the discharging electrode and the surface of the wastewater. 
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Experimental results showed that the chromaticity of the wastewater can be completely 
removed by this process and the COD also decreased significantly. In their following 
studies, dielectric barrier discharge was utilized to produce chemically active species. The 
emitted light was meanwhile used as the photocatalytic reaction light source. The 
degradation of azo dye showed very promising result. Wang et al. (2008) used a pulsed 
discharge as the lamp house to photocatalytic degradation of phenol. A synergetic effect of 
plasma and photocatalysis was found through the determination of oxidative species amount 
and the phenol decomposition rate.  
2.6.3 Photocatalytic reactors using solar light 
With the concern of energy crisis, it is more preferable to use the free solar light as the 
light source instead of the artificial light source in photocatalytic reaction systems. From 
reactor design point of view, some of the solar light reactors actually do not have great 
differences with those using artificial light source except that no artificial light sources are 
provided. For example, continuously stirred batch reactor, solar slurry reactor and an 
open-trough reactor were used to remove two commercial dyes from wastewater under 
sunlight (Chaturvedi et al., 2003). Comparable results were obtained for the three types of 
reactors with 97 ~ 99% color removal and 7 ~ 8% COD removal. Although reactors using 
artificial light source can also be used under solar light, most of the reactors working under 
solar light have a special design such as with light concentrators. Low-concentrating 
radiation system and Solar-Parabolic-Concentrator reactor were utilized to oxidize 
methomyl under solar radiation (Penuela et al., 2002). In another study, a commercial 
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detergent was photo-degraded in aqueous TiO2 dispersions under concentrated sunlight in 
the presence of air (Oyama et al., 2004). Fernandez et al. (2005) studied the capability and 
effectiveness of solar light photocatalytic disinfection using compound parabolic 
concentrators (CPCs). CPCs are static collectors with a reflective surface designed to be 
ideal in the sense of Non-Imaging Optics and can be designed for any given reactor shape. 
It was demonstrated by their experiments that CPC solar photoreactors are efficient for 
bacteria disinfection. Prieto et al. (2005) studied the photocatalytic removal of the color of a 
synthetic textile effluent at a pilot plant scale. A reactor with parallel CPC reflectors was 
used and the results showed that all the tested dyes can be degraded successfully by the 
photo-oxidation.  
The configurations of solar photocatalytic reactors roughly fall into two categories. 
One is tubular reactors with or without reflectors, and the photocatalysts are either 
immobilized on the reactor wall or dispersed in the suspension. These reactors have a long 
flow channel but very small diameter (vanWell et al., 1997; Parra et al., 2001; Kamble et al., 
2004). The configuration of the main reactor of CPCs belongs to this type. The other type is 
thin film flat plate reactor with photocatalyst normally immobilized on supports. With the 
plate inclined to the ground, the treated water can flow from the upper side of the plate to 
the lower, forming a thin film (Feitz et al., 2000; Arslan et al., 2001). Thu et al. (2005) 
designed a new solar photoreactor based on the multi-step cascade falling film principle. A 
good exposure to sunlight and a good oxygenation of the effluent to be treated can be 
ensured with this reactor. Reactants including 4-chlorophenol, formetanate, pesticide 
mixture, Indigo Carmine and Congo Red were treated. Compared with the results from solar 
Chapter 2  
47 
CPC slurry reactor under identical solar exposure, their reactor was found to have the same 
efficiency.  
Just as photoreactors working with artificial light sources, photoreactors using solar 
light were also combined with other processes. Crittenden et al. (1997) proposed a an 
adsorption and photocatalysis combined system. The reactors were made up of transparent 
plastic and packed with photocatalyst impregnated adsorbent. Adsorption processes were 
firstly conducted with treated water passing through the reactors, followed by a de-fouling 
process using acid wash. Then, the adsorbent bed was regenerated by exposing to solar light 
with hot water at 90 ºC passing through the bed. The photocatalytic regeneration achieved 
the complete removal of the desorbed compounds. Gernjak et al. (2004) combined solar 
photocatalysis with solar photo Fenton to treat olive mill wastewater. They found that in 
their reaction system, the photocatalytic treatment alone was not successful and the addition 
of peroxydisulphate as an electron acceptor had only limited effect on the degradation 
performance. The photo-Fenton method successfully removed up to 85% COD and up to 
100% of the phenol. In another study, combined solar photocatalysis and solar photo Fenton 
process were used to decompose diclofenac (Perez-Estrada et al., 2005). Decomposition of 
diclofenac with photocatalyst alone took about 200 min while that with combined 
photocatalysis and Fenton treatment took around 100 min.  
2.6.4 Buoyant photocatalyst processes 
Photocatalytic slurry systems and immobilized photocatalyst reactors have both been 
developed over the years. In general, the slurry systems have the advantages of providing 
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large photocatalyst surface areas. However, according to Beer-Lambert law - Eq. (1.8), light 
attenuates quickly in water especially in the turbid slurry system. Besides, filtration systems 
are necessary for slurry systems to separate the photocatalyst particles from the treated 
water. This definitely increases the capital and operation cost. Photocatalytic reactors with 
immobilized photocatalyst do not need the filtration system and is also more efficient in 
light utilization (Sczechowski et al., 1995). However, for the photocatalytic reactors using 
solar light as the light source, the key issue that affects the configuration is still the light 
attenuation effect. For example, tubular reactors, with or without light concentrators, have 
very long water flow channels but very small diameters. This is to reduce the light travelling 
distance and thus minimize the light attenuation effect (the light traveling is in the diameter 
direction of the tubular reactors). For the thin film reactors, the same principle applies. 
Photocatalysts are normally immobilized on a large plate and water flows on the plate, 
forming a very thin film. The light attenuation effect may be ignored because the film 
thickness is very small. Thin film reactors however require large surface or large space. As a 
summary, the various photoreactors reviewed may be efficient in the degradation of some 
organic compounds and can meet the treatment requirements in certain specific cases, but 
those reactors in general can not provide a cost-effective treatment process.  
Buoyant photocatalysts, normally immobilized on a buoyant substrate, do not normally 
require much special consideration on the reactor configuration. Buoyant photocatalysts can 
be directly put into the tank containing the wastewater, and the light source, either artificial 
light or solar light, is placed on the top of the buoyant photocatalysts around the water 
surface. Machado et al. (2006) prepared floating photocatalyst on exfoliated vermiculite 
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using an impregnation method, and the prepared photocatalysts was used on the water 
surface of the reactor with surface illumination. The target pollutant was dye, and the 
reaction temperature was maintained at 28 ± 2 ºC. A pre-adsorption in the dark for 48 h was 
carried out before the photocatalytic reaction. Experimental results showed that the prepared 
floating photocatalyst with exfoliated vermiculite as substrates can be used to remediate 
contaminated waters and can be recovered and recycled after the treatment. Hosseini et al. 
(2007) immobilized TiO2 onto buoyant perlite granules and directly used them on the 
contaminated solution surface in the reactor vessel. The solution was aerated from the 
bottom and the light source was located above the vessel. The tests of phenol degradation as 
the model pollutant showed a good photocatalytic activity for the immobilized photocatalyst. 
Thin film reactors with TiO2 immobilized on glass plate and steel fiber were also tested in 
parallel, and the results showed that the buoyant photocatalyst process did not need any 
filtration and recirculation as was in the case of thin film reactor. These case studies again 
showed the simplicity of buoyant photocatalyst reactors that can be easily applied in various 
applications, including at water catchments, natural lakes or reservoirs, and engineered 
settling tanks, etc., for the degradation of organic contaminants in water which almost does 
not have additional special requirement in the facility or infrastructure for the applications. 
Therefore, one of the major objectives of this study is towards the development of a 
cost-effective buoyant photocatalyst reactor using buoyant photocatalysts innovatively 
prepared.  
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2.7 Remarks 
The target of this thesis is to develop a buoyant composite photocatalyst that can 
overcome the separation difficulties and reduce the light attenuation problem in water. 
Hollow glass microspheres have been used as the substrate to prepare buoyant composite 
photocatalyst in the literature but they suffered the problems of being generally expensive 
and fragile. PP, as an alternative, can be used as a stable and cost-effective substrate to 
prepare the desired buoyant composite photocatalyst due to PP’s availability, flexibility in 
shape and stability to acid, base, solvent and UV light.  
In order to use the buoyant composite photocatalyst under the solar light, the TiO2 
photocatalyst needs to be modified to extend its photoactivity to the visible light range. TiO2 
has been combined with another semiconductor with lower band gap such as CdS to make it 
active in the visible light range, but metal sulfide semiconductors including CdS suffer a 
drawback of corrosion under light irradiations. For the TiO2 doped with metal ions, the 
doped metal ions may act as recombination center for electron/hole carriers resulting in a 
lower photoactivity. Polymer or dye sensitized TiO2 has some concern for applications in 
water or wastewater treatment because more organic compounds may be introduced to the 
treated water or the prepared materials have the possibility for the dye or polymer to leak 
into the treated water. Non-metal doped TiO2, especially N or C doped TiO2, has shown a 
great prospect for the stability and photoactivity under both UV and visible lights. Therefore, 
non-metal doped TiO2 will be use to prepare the photocatalyst with the visible light activity 
in this study. 
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To immobilize TiO2 on PP substrate, physical methods such as PE-CVD can be used 
but the needed devices or facilities are usually very expensive and therefore its large scale 
or practical application is limited. Liquid phase deposition is able to deposit Fe doped TiO2 
on PP substrate at room temperature, below the melting point of PP at 165 ºC. However, 
the crystallinity and photoactivity of the Fe doped TiO2 was low unless it was thermally 
treated at least under a temperature of 300 ºC. Hydrothermal process can greatly reduce the 
temperature needed to achieve the same crystallinity of TiO2, especially the modified TiO2, 
as required. Therefore, hydrothermal process is the most potential method to prepare the 
buoyant composite photocatalyst with extended activity in the visible light range in this 
study.  
It has also been found from the literature review that the configuration effect of TiO2 
particles has an impact on the photocatalytic reaction. The photoactivity of TiO2 particles 
with different dimensions has been widely investigated, but the effect of TiO2 film thickness 
immobilized on substrates has never been reported. In order to understand the configuration 
effect of the immobilized TiO2 film on photocatalytic reaction and to optimize the material 
prepared, it is of interest to examine the relation between TiO2 film configuration and its 





Development of a Buoyant Composite Photocatalyst with 
Visible Light Activity Using a Low Temperature Hydrothermal 
Method 
3.1 Introduction 
Recent studies have shown the great potential and advantages of photocatalysis, 
especially using TiO2 photocatalysis, in water/wastewater treatment. Among various 
photocatalytic processes, buoyant composite photocatalysts can provide a cost-effective and 
easily operating process. In the literature, engineered hollow glass microspheres and natural 
materials such as perlite, have been employed as substrates for the immobilization of TiO2 
photocatalyst (Zaleska et al., 2000; Portjanskaja et al., 2004; Portjanskaja et al., 2006; 
Hosseini et al., 2007). The limitations of these practices lie in the fact that the hollow glass 
microspheres are generally expensive and fragile and perlite is not flexible in its shape as a 
chosen substrate. In contrast, plastics have been one of the mostly used materials in the 
world because of their many advantages such as low price, reasonable mechanical strength, 
good UV or chemical stability and processing flexibility in final shape and dimension. In 
this study, PP was selected as the buoyant photocatalyst substrate because it has a much 
lower density of 850 ~ 950 kg/m3 than that of water and hence is highly floatable. PP has 
also been known to have high resistance to lights including UV (Luzuriaga et al., 2006) and 
good chemical stability in acid/base and many organic solvents (Frank, 1968). In contrast 
with hollow glass microspheres and perlite as the immobilization substrates, PP is also 
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cheap, flexible in configuration and highly durable with good mechanical strength.  
In order to make the photocatalytic technology cost-competitive for practical 
applications in water or wastewater treatment, significant research interest has been directed 
to utilize the naturally available sunlight as a possible ‘free’ light source for photocatalytic 
reactions. A common approach to achieve this was to modify TiO2 to extend its light activity 
to the visible-light range (400 ~ 700 nm) (Ho et al., 2006; Xu et al., 2006; Zhu et al., 2006) 
because the natural sunlight only contains the UV light at as low as 3 ~ 5 % but visible light 
up to 45 ~ 50 % (Mori, 2004). Most of the modification studies have been carried out by 
doping TiO2 with precious metals, metal oxides or inorganic components such as nitrogen 
or carbon, etc., that can reduce the band gap energy of the photocatalyst. Commonly, almost 
all of these studies involved at least a high temperature treatment process in the preparation 
method (often > 300 ~ 400 oC) (Zhao and Fang, 2002; Zhou and Zhao, 2002; Zhou et al., 
2003; Zhou et al., 2003). Since the objective is to prepare and immobilize the visible light 
sensitive TiO2 on PP substrate, a relatively low temperature is required because PP can not 
physically stand a reaction temperature higher than 165 oC. This condition has made the 
commonly established methods that usually need a high temperature for crystallization, 
doping modification or immobilization of TiO2 photocatalyst (e.g., above 300-400 oC) 
inapplicable. To confine the preparation method to a low temperature process, the three 
possible methods for selection may include PE-CVD, LPD and hydrothermal reaction. The 
PE-CVD method in general requires very expensive devices (Dutschke et al., 2003). It has 
been reported that TiO2 photocatalyst prepared by the LPD method has very low 
crystallinity and hence low photo-activity, unless calcinated at 300 oC (Zhao and Fang, 2002; 
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Zhou and Zhao, 2002; Zhou et al., 2003; Zhou et al., 2003), especially to prepare doped 
TiO2 for visible-light activity. For hydrothermal method, almost all the TiO2 photocatalysts 
with visible light activity required a doping reaction at temperatures at least 180 oC or above 
(Liu and Gao, 2004; Liu and Gao, 2004; Ho et al., 2006; Zhu et al., 2006; Zhu et al., 2006). 
Nevertheless, Gole et al. (2004) have reported a study to prepare nitrogen-doped crystal 
TiO2 photocatalyst at room temperature through treating TiO2 nano sol with TEA in the 
presence of a large amount of palladium salt as the phase transfer catalyst. The successful 
doping of nitrogen in TiO2 at room temperature was ascribed to the small size of the TiO2 
nano sol particles. However, as confirmed in Chapter 2, the TiO2 nano sol can not be turned 
into crystallined TiO2 photocatalyst after TEA treatment without using the expensive 
precious metal salt as the phase transfer catalyst. Their preparation method has however 
inspired us to dope nitrogen into TiO2 lattice through TiO2 nano sol at a relatively low 
temperature without the use of precious metal catalyst to obtain visible light activity. To 
accomplish this idea, TiO2 nano sol was treated with TEA in the presence of an organic 
inhibiting agent, and then simultaneously crystallized and the modified TiO2 was 




3.2.1 Material preparation 
Firstly, TiO2 nano sol was prepared by dissolving 5 mL titanium n-butoxide (Ti(OBu)4, 
99 %, Sinopharm) into 23 mL absolute ethanol (99 %, Merck), followed by the addition of 2 
mL glacial acetic acid (AcOH, 99.8 %, Merck) or 0.5 mL acetyl acetone (AcAc, 99 %, 
Sinopharm) into the Ti(OBu)4 solution as an inhibiting agent. Subsequently, a solution 
containing 1.5 mL ultra pure water, 1.5 mL nitric acid solution (0.1 mol/L) and 12 mL 
absolute ethanol was then added dropwise into the Ti(OBu)4 solution at a rate of 0.5 ~ 1 
mL/min. The mixture was aged overnight with stirring for 12 h. The process produced TiO2 
nano sol containing particles at a size around 6 nm as revealed from the TEM analysis. 
Subsequently, the TiO2 nano sol was treated with TEA (99 %, Sinopharm) under room 
temperature (23 ~ 24 ºC) by adding 4.1 mL TEA into the sol with stirring. The treatment 
time was 12 h in most cases initially but also varied to a much longer time (24, 48, 72, 120 
or 160 h) in some later experiments. After the treatment with TEA, the TiO2 nano sol was 
heated at around 85 ºC in a fume hood until it turned into dry gel. In the experiments, it has 
been found that the TEA treated photocatalysts showed great differences between the 
samples inhibited with AcOH and AcAc, so they are labeled separately in the later 
discussion. However, for the photocatalysts that were not treated by TEA, samples either 
used AcOH or AcAc as the inhibiting agent did not show any differences in the TEM or 
Field Emission Scanning Electron Microscope (FESEM) observation, X-Ray Diffraction 
(XRD) patterns, Raman spectra, X-Ray Photoelectron Spectroscopy (XPS), UV-Vis spectra 
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and photocatalytic activity test. So they are both labeled as ‘TiO2 without TEA treatment’ 
without any further division due to the different inhibiting agents used. 
The crystallization and immobilization of the TEA-treated TiO2 on PP were achieved 
simultaneously in a 900 mL hydrothermal reactor (Berghof Br900, Germany). Around 840 
pieces of PP granules with a size of around 2 × φ 3.5 mm (length × diameter) and a total 
weight of 18.2 mg (pre-treated in 100 mL K2Cr2O4/H2SO4 solution for 5 min at room 
temperature) were added, together with the TEA-treated TiO2 dry gel and 150 mL ultra pure 
water, into the hydrothermal reactor. The reactor was placed on a hot plate magnetic stirrer 
(Heidolph) equipped with an aluminum heating block. The contents in the reactor were 
stirred with a PTFE magnetic stirrer bar at 250 rpm and were heated for 30 min to reach 150 
ºC. The temperature was then maintained at 150 ºC for 10 h to allow the reaction process to 
proceed sufficiently. After that, the reactor was cooled down to room temperature naturally. 
The PP granules immobilized with a film of the photocatalyst nano-particles were collected 
from the reactor, washed sufficiently with DI water and then dried in an oven (65 ºC) to a 
constant weight for further use (They will be generally referred to as buoyant composite 
photocatalyst in this study). The photocatalyst particles in the solution were also collected 
through centrifugation, then washed with ethanol and DI water, and dried similarly as 
mentioned above for further analysis. 
3.2.2 Material characterizations 
The dimension of the photocatalyst particles produced in the reactor was observed with 
TEM (JEOL JEM-2010, Japan) operated at 200 kV. Photocatalyst particles were first 
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cleaned in ethanol in an ultrasonic bath for 10 min at room temperature, centrifuged at 9000 
rpm for 15 min and collected. Then, the cleaning process was repeated in ultra pure water 
instead of ethanol for at least two times. The finally collected particles were vacuum-dried 
at 50 ºC overnight, powdered and stored in a drying dessicator. Before TEM analysis, the 
photocatalyst particles were wet-casted on 3 mm carbon-coated copper grid support, 
followed by solvent evaporation at room temperature for at least 24 h.  
The surface morphology of the photocatalyst film on the PP granules was observed 
with FESEM (JEOL JSM-6700F, Japan) under 5 kV electron beam. The PP granule samples 
were attached onto the metal sample stub and followed by solvent evaporation at room 
temperature overnight. The air-dried samples were platinum-sputtered before the FESEM 
observation.  
The specific surface area of the photocatalyst powder was obtained from Brunauer 
Emmett Teller (BET) analysis (Quantachrome Nova 4200e, USA) through nitrogen 
adsorption. The powder samples were first degassed at 40 ºC with nitrogen overnight 
before the analysis.  
The crystal structures of the prepared photocatalyst samples were examined with an 
XRD (LabX XRD-6000, Japan) and the crystal compositions of the samples were analyzed 
using the Raman Spectroscopy (Bruker 106/S attached to Bruker EQUINOX55 FT-IR 
spectrometer, USA) with a 1064nm Nd:YAG laser source.  
XPS analysis was conducted to verify the states and species of elements of interest in 
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the modified TiO2 photocatalyst film on the PP granules through an XPS (Kratos XPS 
system-AXIS His-165 Ultra, UK) with an Al-K radiation source (1486.7eV). To compensate 
for the surface charging effect, all the binding energies were refereed to 284.6 eV of the 
neutral C 1s peak. The XPSpeak 4.1 software was used to deconvolute the XPS spectra into 
subcomponents on the surface.  
Fourier Transform Infrared (FTIR) spectra for the modified TiO2 photocatalyst powder 
were obtained by an IR spectrometer (Bio-Rad FTS135, US). The cleaned powder samples 
were blended with potassium bromide (KBr, Analar® grade) and pelletized into translucent 
solid discs for transmission modes analysis. Infrared absorption spectra were recorded at 
room temperature, over a scan range of 400 ~ 4000 cm-1 with a scan resolution of 4 cm-1. 
UV-Vis reflectance spectra for the samples in powder form were obtained through a 
φ60mm integrating sphere accessory attached to the UV-Vis spectrophotometer (Jasco V660, 
Japan) to reveal their light activity (absorbance). The powder testing module was filled with 
photocatalyst powder samples and then carefully placed into the sample holder of the 
accessory. The light reflectance of each sample was obtained from the spectrometer.  
The total carbon content analysis on the powder samples with 0, 24, 72 and 120 h TEA 
treatment time was carried out using a TOC-SSM instrument (Shimadzu TOC-SSM 5000A, 
Japan). 
3.2.3 Photocatalytic activity tests 
The photocatalytic activity of the prepared buoyant composite photocatalysts was 
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evaluated through the decolorization experiments of MO dye in aqueous solutions. A 100 
mL PYREX beaker with a diameter of 50 mm was filled with 50 mL MO dye solution at an 
initial concentration of 15 mg/L. The light from a 150 W xenon lamp (Newport, USA) with 
a 69 mm diameter radiation area was applied to the MO solution in the beaker. The UV light 
power was around 48 W/m2 and the visible light was 178 W/m2 from the light source. For 
photocatalytic reaction under the visible light alone, a long-wave pass filter with cut-off 
wavelength at 400 nm was used to block the UV light. The filter was mounted on the top of 
the beaker and the content in the beaker was stirred with a magnetic stirrer bar at 180 rpm. 
The distance from the liquid surface in the beaker to the light source was 160 mm. Initially, 
the light activity of the prepared photocatalysts was tested with the powder samples 
collected from the solution for convenience and easy characterization in the photocatalyst 
preparation. A 40 mg amount of the photocatalyst powder samples was added into the MO 
dye solution. The photocatalytic oxidation reactions under the full irradiation of the 150 W 
xenon lamp (without UV blocking) were labeled as ‘UV-Vis’ in the following discussion 
and were conducted for 20 min. Those reactions under the visible light alone (with UV 
blocked) were referred to as ‘Vis’ hereafter and were conducted for 100 min. After a 
decoloration test, the contents in the beaker were centrifuged to separate the photocatalyst 
particles and the supernatant was taken to analyze the remaining MO dye concentration 
with a UV-Vis spectrophotometer at 465 nm (Jasco V660, Japan). The absorbance readings 
were converted to the weight concentrations through a prepared calibration curve.  
Finally, the buoyant composite photocatalyst with TEA-treated TiO2 particles 
crystallized/immobilized on the PP granules were tested in the decolorization experiments. 
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The photocatalyst was prepared with a TEA treatment time of 12 h and AcAc as the 
inhibiting agent in this case. 100 PP granules with about 15 ~ 20 mg of the photocatalyst 
particles immobilized on the surfaces (prepared through three immobilization cycles) were 
added into the PYREX beaker. The buoyant composite photocatalyst granules formed a 
floating layer on the surface of the MO dye solution. Other experimental conditions were 
the same as described earlier for the powder photocatalyst. Because a less amount of 
photocatalyst was used, the decolorization experiments were conducted for up to 4 h. 
Samples of about 2 mL were collected at each hour from the beaker by a plastic dropper and 
analyzed with the UV-Vis spectrophotometer for the MO dye concentration. After each 
analysis, the sample solution was returned to the reaction beaker to maintain the same 
volume of solution in the reaction. 
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3.3 Results and discussion 
3.3.1 Morphologies of prepared photocatalysts 
Figure 3. 1 shows the microscopic images of the prepared TiO2 photocatalyst particles 
collected from the solution and the surfaces of the PP granules before and after the 
immobilization of the TEA-modified TiO2 nano particle film. The photocatalyst particles 
produced in the solution have a more or less elliptical shape with a dimension at around 
710 nm [as shown in Figure 3. 1 (a)] and a specific surface area of 169m2/g from BET 
analysis. The photocatalyst film on the PP granule appears to consist of more 
spherically-shaped particles with a size up to 30 nm and possibly in multi-layers; see Figure 
3. 1 (d). Thus, the prepared photocatalyst particles grown on the PP substrate have a 
significantly larger size than those grown in the solution. This may be attributed to the fact 
that the powder particles in the solution were produced primarily through a homogeneous 
nucleation mechanism while those on the PP granules through a heterogeneous nucleation 
mechanism that requires less Gibbs free energy and can thus start nucleation earlier than the 
homogeneous nucleation (Yukselici, 2001). As a result, the crystallization time of the 
photocatalyst particles on PP was longer than that of those in the solution, leading to a 
larger particle size in the film. However, microscopic observations on various samples did 
not seem to indicate that the morphologies of the photocatalyst particles were noticeably 








Figure 3. 1 Surface morphologies: (a) TEM image of TEA treated TiO2 (in the presence of 
AcAc) as powder particles; (b) FESEM image of blank PP granule; (c) FESEM image of TEA 
treated TiO2 (in the presence of AcAc) immobilized on PP granules (×15,000); (d) FESEM 
image of TEA treated TiO2 (in the presence of AcAc) immobilized on PP granules (×50,000)
3.3.2 Crystalline structures and compositions of prepared photocatalysts 
XRD analysis was conducted for the photocatalyst powders prepared without TEA 
treatment and with TEA treatment in the presence of AcOH or AcAc as the inhibiting agent.  
As shown in Figure 3. 2, all the three samples exhibit very similar XRD patterns with the 
main component of anatase (A peaks) and minor brookite (B peaks). The XRD results hence 
clearly do not show any differences in the crystal structure of the prepared TiO2 
photocatalysts due to the TEA treatment on TiO2 sol.  
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The Raman spectra of the three samples were further obtained, as shown in Figure 3. 3. 
In Figure 3. 3 (a), the peaks at 147, 403, 516 and 641 cm-1 in all the three samples can be 
attributed to the characteristic peaks of the anatase phase, indicating anatase to be the major 
component, agreed with the XRD results in Figure 3. 2. Although little difference could be 
observed in the Raman spectra for the sample without TEA treatment and that with TEA 
treatment at the presence of AcOH as the inhibiting agent, the sample with TEA treatment at 
the presence of AcAc clearly showed enhanced peaks at 403, 516 and 641 cm-1. Therefore, 
the Raman spectrum of this sample was further analyzed with the peak fitting module from 
Origin (with FFT filter on the basis of Gaussian peak fit calculus by the software of 
OriginPro 7.5) As indicated by the results shown in  Figure 3. 3 (b), the model fitting 
analysis clearly reveals the presence of the titanium nitride (TiO2-xNx) structure in the 
sample. Although the peaks at 403, 516 and 641 cm-1 are usually assigned to the anatase 
features, those at 330, 580 and 690 cm-1 can be attributed to the titanium nitride structure 
 
Figure 3. 2 XRD patterns: (a) TiO2 without TEA treatment; (b) TEA treated TiO2 inhibited 
by AcOH; (c) TEA treated TiO2 inhibited by AcAc 
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(Cong et al., 2007). The existence of the TiO2-xNx structure in the sample enhanced the 
peaks at 403, 516 and 641 cm-1 for the anatase structure. Thus, the Raman spectroscopic 
analysis provides evidence that the TEA treatment for the TiO2 nano sol with AcAc as the 
inhibiting agent has resulted in the prepared photocatalyst being doped with nitrogen atoms.  
 
Figure 3. 3 Raman Spectra: (a) overall for untreated and TEA treated TiO2; (b) fitted 
curves for TEA treated TiO2 with AcAc as the inhibiting agent. 
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3.3.3 XPS studies 
XPS analysis was also conducted. The XPS survey scans in Figure 3. 4 always showed 
that blank PP granules mainly had the C 1s peak (very strong), and the PP granules 
immobilized with the TEA-treated TiO2 photocatalyst had Ti 2p (strong) and Ti 2s (weak) 
peaks as well as O 1s peak (very strong). These results confirm the effective immobilization 
of the prepared photocatalyst on the PP granules in the low temperature hydrothermal 
process. The XPS spectra of Ti 2p, O 1s and N 1s for the photocatalyst film on the PP 
granules were further examined. As shown in Figure 3. 5 (a), the Ti 2p peaks are similar to 
those of the standard TiO2 sample reported (Moulder et al., 1992). In Figure 3. 5 (b), the O 
1s main peak at 529.5 eV can be assigned to the oxygen in the TiO2 lattice. The N 1s 
spectrum in Figure 3. 5 (c) shows a small but distinguishable peak at 399.4 eV. This peak 
can be assigned to the nitrogen in the O-Ti-N linkages (Cong et al., 2006; Cong et al., 2007) 
and could not arise from any nitrogen from the adsorbed TEA on the surface that would 
give a N1s peak at 395.4 eV (Huo et al., 2008). Hence, the XPS results in Figure 3. 5 
confirm that the immobilized photocatalyst film on the PP granules was composed of TiO2, 
and had nitrogen atoms being doped into the TiO2 lattices, attributed to the TEA treatment 
with AcAc as the inhibiting agent. The result from XPS analysis agreed with the results 
revealed by the Raman spectroscopic study mentioned earlier. The small peak of N 1s in 
Figure 3. 5 (c) is expected because the amount of nitrogen doped was essentially at a trace 
level. However, the small peak of N 1s was not observed for the photocatalyst film on the 
PP granules prepared with AcOH as the inhibiting agent. It was also found from the analysis 
that the XPS spectra for the photocatalyst films on the PP granules were the same as those 
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for the photocatalyst particles collected in the solution from the reactor under each 
condition. This is probably attributed to the multiple layer composition of the photocatalyst 
film formed on the PP granules. Even though the initial nucleation mechanism may be 
different for the TiO2 nano particles on the PP surfaces from that for the TiO2 nano particles 
in the solution, the nucleation mechanism for the next layer of TiO2 nano particles in the 
film on the PP surfaces may become the same as that for the TiO2 nano particles in the 
solution. As a result, similar XPS spectra were observed for the photocatalyst film on the PP 
granules and the photocatalyst particles in the solution from the same experiments because 
it is well known that XPS is a surface analysis tool with penetration depth usually less than 
a few nanometers. One of the implications of those XPS results would be that the prepared 
photocatalysts in the form of film on the PP granules can have similar light activity as the 
photocatalytic particles collected in the solution. 
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Figure 3. 4 XPS survey spectra: (a) blank PP granule; (b) PP granule immobilized with TEA 
treated TiO2 film with AcAc as inhibiting agent 
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Figure 3. 5 XPS spectra of (a) Ti 2p peak; (b) O 1s peak; (c) N 1s peak for TEA treated TiO2 
film on PP granule with AcAc as the inhibiting agent 
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3.3.4 FTIR analysis 
Comparelli et al. (2005) reported the improvement of photo reactivity of organic 
capped TiO2 powder. In order to exclude the possibility of the N 1s peak in Figure 3. 5 (c) 
being from the adsorption of TEA or other organic groups on TiO2 surface, the three types 
of powder samples without or with TEA treatment in the presence of AcOH or AcAc as the 
inhibiting agent were analyzed with FTIR. As shown in Figure 3. 6, the FTIR spectra have 
no obvious difference for the untreated and TEA treated TiO2. The peak at 1628 cm-1 can be 
assigned to the Ti-OH coordination. The peak at 3390 cm-1 and the very small peak at 1320 
cm-1 are attributed to the hydroxyl group and/or chemisorbed water on the surface (Rhee et 
al., 2005; Wang et al., 2006). No other peaks, especially the major peaks for TEA in the 
alkyl C-H stretch region (around 2800 ~ 3000cm-1 (Gole et al., 2004)) are observed from the 
three samples, even for the N-doped TiO2 through TEA treatment with either AcOH or 
AcAc as the inhibiting agent. The FTIR results in Figure 3. 6 thus exclude the possibility of 
TEA adsorption on the modified TiO2 powder or film and support the successful doping of 
nitrogen into the TiO2 lattice through TEA treatment in this study. 
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3.3.5 UV-Vis absorption spectra 
The light absorption rate is an indication of the light activity of a photocatalyst. The 
UV-Vis absorption spectra for the three samples of “TiO2” (denoting TiO2 photocatalyst 
prepared with the use of either inhibiting agent but without being treated by TEA), “AcOH” 
(denoting TiO2 photocatalyst prepared with AcOH as the inhibiting agent and being treated 
by TEA) and “AcAc” (denoting TiO2 photocatalyst with AcAc as the inhibiting agent and 
being treated by TEA) are shown in Figure 3. 7 and the corresponding light absorption rates 
are given in Table 3. 1. It is apparent that the modified TiO2 particles through TEA treatment 
with AcAc being used as the inhibiting agent had a reduced band gap energy and 
significantly absorbed more light in the visible light range (400 ~ 700 nm) than the other 
two samples. About 32% of the visible light was adsorbed and the absorption edge was, in 
fact, even up to 800 nm against the light wavelength. Such a wide absorption range in terms 
of light wavelength has not often been reported, if not none, in the literature for 
 
 
Figure 3. 6 FTIR Spectra of untreated TiO2 (noted as TiO2) and TEA treated TiO2 at the 
presence of AcOH (noted as AcOH) or AcAc (noted as AcAc) 
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nitrogen-doped TiO2 photocatalysts (Burda et al., 2003).  
 
Figure 3. 7 UV-Vis absorption spectra for TiO2 powder samples without TEA treatment 
(noted as TiO2), with TEA treatment at the presence of AcOH (noted as AcOH) or AcAc 
(noted as AcAc) 
 
Table 3. 1 Absorption rate to UV light and visible light and effective band gap energy for TiO2 
powder samples without TEA treatment and with TEA treatment in the presence of AcOH or 
AcAc as the inhibiting agent (TEA treatment time – 12 h) 
 Light absorption in 
UV (200~400 nm)/% 
Light absorption in 




TiO2 without TEA treatment 89.75 10.54 2.85 
TiO2 with TEA treatment and 
AcOH as inhibiting agent 88.63 6.11 2.94 
TiO2 with TEA treatment and 
AcAc as inhibiting agent 93.35 31.98 2.49 
The nitrogen-doping effect (which contributes to the lower effective band gap energy 
of the prepared photocatalyst and hence higher visible light absorption rate) that occurred at 




























different inhibiting mechanism of AcAc and AcOH for Ti(OBu)4. Ti(OBu)4 is known to be 
easily hydrolyzed with the presence of water and rapidly condensed to form a networked 
structure (Huang, 2005), as shown in Eq. (3. 1) and Eq. (3. 2). This network structure makes 
it difficult for nitrogen from TEA to be doped into TiO2 lattice (i.e., a nitrogen atom replaces 
an oxygen atom). The use of AcOH or AcAc as inhibiting agent was to control the 
hydrolyzation rate of Ti(OBu)4 and also possibly to interrupt the continuous network 
structure formation. When one or more of the alkoxide groups in Ti(OBu)4 was replaced 
through a reaction with coordinating agents, the hydrolyzation rate would be largely 
reduced.  
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In the case of AcOH being used as the inhibiting agent, the alkoxide groups can be 
displaced by the AcOH ligands and a more stable product was formed; see Eq. (3. 3) 
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This can slow down the hydrolysis and lower the condensation rate of Ti(OBu)4. When 
AcAc was used as the inhibiting agent, AcAc molecule can replace an alkoxide groups in 
Ti(OBu)4 and chelated with the titanium atom to form a stable ring structure; see Eq.       
(3. 4). It has been reported that AcAc is much stronger inhibiting agent than AcOH to 
reduce the hydrolysis rate of Ti(OBu)4 (Huang, 2005). In the TiO2 sol preparation process, it 
was also observed that TiO2 sol inhibited by AcOH would turn into gel in less than a day, in 
contrast to the case of AcAc being used as the inhibiting agent. A yellow color for the TiO2 
nano sol inhibited by AcAc was observed in the experiment and it was an indication for the 
existence of the titanium acetyl acetonate composition; as shown in Eq.       
(3. 4). However, the inhibiting agent only slowed down the rate of Ti(OBu)4 hydrolysis, but 
not eliminate it. Once a Ti-OH group is formed, the bond can be attacked by the more 





Ti OH + N C2H5
C2H5
H5C2 Ti +N C2H5OH
C2H5
C2H5
                  
                                                                        (3. 5)
In the present study, TEA treated TiO2 with AcOH as the inhibiting agent did not result 
in doping of nitrogen into the TiO2 photocatalyst. This was probably due to the relatively 
weaker inhibiting ability of AcOH in comparison with AcAc. 
3.3.6 Photocatalytic oxidation activity 
The activity of the prepared photocatalysts was evaluated through the decolorization 
experiments for the MO dye solutions. Initially, the powder samples collected from the 
solution were used. The results obtained under the “UV-Vis” condition for 20 min or “Vis” 
condition for 100 min are presented in Figure 3. 8. Under the “UV-Vis” condition, the MO 
dye solution without the photocatalyst particles (denoted as blank) showed negligible 
reduction in the concentration. The TEA treated TiO2 photocatalysts prepared with either 
AcOH or AcAc as the inhibiting agent showed high oxidation activity for the MO dye, with 
up to 70-80% reduction in the MO dye concentration, as compared to 60% reduction by the 
photocatalysts without TEA treatment. The results indicated that the TEA-treated TiO2 
photocatalyst probably had lower effective band gap energy and hence showed greater 
photocatalytic activity. This speculation can be further supported by the results obtained 
under the “Vis” condition. While the TiO2 photocatalyst without TEA treatment did not 
show any reduction in the MO dye concentration, the sample prepared through TEA 
treatment with AcAc as the inhibiting agent significantly reduced the MO dye concentration 
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under the “Vis” condition. In contrast, the photocatalyst prepared through the TEA 
treatment at the presence of AcOH as the inhibiting agent showed only a very small effect in 
the reduction of the MO dye concentration. 
The decolorization of the MO dye solution was further studied with the buoyant 
composite photocatalyst (TiO2 was treated with TEA at the presence of AcAc as the 
inhibiting agent and immobilized on PP granules). The results from a preliminary test are 
shown in Figure 3. 9. Similar to the results in Figure 3. 8, the reduction of the MO dye 
concentration was fast under the full light irradiation, i.e., under the “UV-Vis” condition, 
and still was very effective under the visible light alone (with UV blocked, labeled as ‘Vis’). 
The lower concentration reduction rates in Figure 3. 9 by the buoyant composite 
photocatalyst on PP granules, in comparison with those in Figure 3. 8 by the photocatalyst 
powder particles, are attributed to the significantly lower amount of photocatalyst (about 15 
mg immobilized on the PP granules) and the smaller surface area of the film than that of the 
powder particles (40mg) used in the experiment of Figure 3. 9. The photos in Figure 3. 10 
illustrate the prepared buoyant composite photocatalyst floating on the surface of the MO 
dye solution and the color changes with the treatment time during the photocatalytic 
oxidation of the MO dye solution under the “UV-Vis” condition from some typical 
experiments. These preliminary results have demonstrated the feasibility and prospect of 
using the prepared buoyant composite photocatalyst for decontamination of organic 
pollutants in water with the possibility to use sunlight as the effective light source. 
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Figure 3. 9 Decolorization of MO dye solutions by buoyant composite photocatalyst prepared 
from TEA treated TiO2 in the presence of AcAc as the inhibiting agent and immobilized on 
PP granules under the condition of “UV-Vis” and “Vis” respectively (C0 = 15 mg/L). 
 
Figure 3. 8 Photocatalytic activity for decolorization of MO dye solutions under the 
condition of “UV-Vis” for 20 min and “Vis” for 100 min respectively by TiO2 powder 
samples without TEA treatment (noted as TiO2), with TEA treatment at the presence of 
AcOH (noted as AcOH) or AcAc (noted as AcAc). 





















Figure 3. 10 Photos showing the prepared buoyant photocatalysts floating on the solution 
surface and the color change of the MO dye solution due to the photocatalytic oxidation of the 
MO dye (a) before the photocatalytic oxidation, (b) after 6 h photocatalytic oxidation and (c) 
series changes with different reaction times under the “UV-Vis” condition. The photocatalyst 
was TEA-treated TiO2 with AcAc as the inhibiting agent and immobilized on PP granules. 
 
3.3.7 Effect of TEA treatment time on light activity 
It has been found that the treatment time of TEA on TiO2 nano sol in the preparation 
process greatly affected the UV-Vis absorption performance and therefore possibly the 
photo-activity of the prepared photocatalysts. Thus, the modification of TiO2 photocatalyst 
through TEA treatment with AcAc as the inhibiting agent was further examined for 12, 48 
and 160 h treatment time, respectively. The light absorption performances of these 
photocatalyst samples are presented in Figure 3. 11 (a) and Table 3. 2. It is clear that 
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extending the treatment time greatly improved the absorption of the photocatalysts to the 
visible light. For example, with 160 h treatment, the photocatalyst achieved an absorption 
rate for the visible light at as high as 66.27%. A similar phenomenon was also observed by 
Xu et al. (2006) who prepared carbon modified TiO2 through hydrolysis of titanium 
tetrachloride followed by a treatment with tetrabutylammonium and then a drying and 
calcination process at 400 and 500 ºC respectively. They attributed the enhanced visible 
light absorbance to the formation of coke-like carbonaceous species. In this study, the 
carbon in TEA may also participate in the doping reaction even although it was not possible 
to produce the coke-like carbon due to the lower temperature used. But the total organic 
carbon contents of the powder samples with TEA treatment time of 0h, 24h, 72h, and 120h 
were still tested using TOC-SSM and are given in Table 3. 3. It can be seen that the longer 
treating time of TEA, the higher the carbon content, which agrees well with the trend of 
UV-Vis reflectance spectra in Figure 3. 11. So the higher absorbance to visible light of 
photocatalyst with longer TEA treating time may also be due to the increased carbon 





Figure 3. 11 UV-Vis absorption ratio and MO dye decolorization rate for the prepared 
photocatalyst with TEA treatment time for 12 h, 48 h and 160 h, respectively, at the 
presence of AcAc as the inhibiting agent. (a) light absorption ratio, (b) decolorization under 
“UV-Vis” for 20 min and decolorization under “Vis” for 120 min (C0 = 15 mg/L) 
 









































Table 3. 2 Absorption rate to UV light and visible light and effective band gap energy for TiO2 
samples treated with TEA for different time (in the presence of AcAc) 
 Light absorption in UV (200 ~ 400 nm)/% 
Light absorption in Vis 
(400 ~ 700 nm)/% 
Effective 
band gap/eV 
12h 93.35 31.98 2.49 
48h 93.84 42.99 1.89 
160h 96.33 66.27 0.7 
It is interesting to note that extending the TEA treatment time in the preparation 
process appeared to depress the decolorization rate of the MO dye solutions under “UV”, 
although the decolorization rate was slightly improved under “Vis” (Figure 3. 11 (b)). In 
terms of the overall activity under both the UV and visible lights, there may be a 
compromise to be made to achieve a balanced performance for the prepared photocatalysts 
through the change of the TEA-treatment time. For full sunlight-driven photocatalytic 
reaction, however, a longer treatment time by TEA may be advantageous as the solar light 
contains mostly the visible light. 
Table 3. 3 Carbon content of photocatalyst powder with different TEA treatment time 








Buoyant composite photocatalyst with visible-light activity can be successfully 
prepared through TEA-treatment of TiO2 nano sol and subsequent 
crystallization/immobilization of the nano sol particles on a PP substrate in a low 
temperature hydrothermal process (150 ºC). The inhibiting agent used in the method was 
found to have an important effect on the result of TEA treatment and hence the visible light 
activity of the prepared photocatalysts. The photocatalyst prepared with AcAc as the 
inhibiting agent greatly enhanced visible-light activity. The light absorption edge was up to 
800 nm and the absorption rate for the visible light reached as high as 66.26%, depending 
on and increased with the TEA treatment time. XRD result showed the main crystalline 
structure of anatase for the prepared photocatalyst. Raman and XPS analyses revealed the 
doping of the nitrogen atoms into the TiO2 lattices and formed the titanium nitride structure, 
which lowered the effective band gap energy of the prepared photocatalyst and hence 
enhanced its visible light activity. Decolorization tests for MO dye solutions demonstrated 
the feasibility of the prepared photocatalysts, either as powder or as film immobilized on PP, 
to degrade organic contaminant in aqueous solutions under the UV as well as the visible 
light condition. The prepared buoyant composite photocatalyst has the prospect to be used 
directly at water surface with the natural sunlight as the light source for photocatalytic 




Preparation of Buoyant Composite Photocatalyst with High 
Photocatalyst Loading through a Novel Layered Rutile and 
Anatase TiO2 Configuration 
4.1 Introduction 
To provide cost-effective and efficient water/wastewater treatment processes, 
photocatalysis, especially photocatalysis using solar light as the light source, has received a 
worldwide interest from scientists and engineers. Within various photocatalytic processes, 
buoyant photocatalysts can be used as a solution to achieve high light utilization efficiency 
in photocatalytic reactions as well as to lower the cost in the treatment system. Buoyant 
photocatalysts can float on water surface and thus directly and fully use sunlight for 
photocatalytic reactions without the light attenuation loss due to travelling through water. 
Meanwhile, buoyant photocatalysts can be easily applied in various applications, including 
at water catchments, natural lakes or reservoirs, and engineered settling tanks, etc., for the 
degradation of organic contaminants in water and almost do not have additional requirement 
in the facility or infrastructure for the applications. Also, it is known that the surface layer of 
water often has enriched concentrations of organic contaminants, including chlorinated 
hydrocarbon, in both the marine and freshwater environments (Nriagu and Simmons, 1984). 
In addition, mass transfer for organic contaminants in water to the photocatalysts at water 
surface can be enhanced by the turbulence created either by natural eddy or wind effect or 
through engineered means such as using mechanical or air-bubble mixing if necessary. 
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In Chapter 3, a novel buoyant photocatalyst with enhanced visible light activity 
through a low temperature (150 ºC) hydrothermal process (Han and Bai, 2009) has been 
prepared. TiO2 nano particles were modified through TEA treatment and immobilized on PP 
granules to obtain the desired buoyant photocatalyst. The light absorption edge of the 
prepared photocatalyst was extended from 400 nm to 800 nm. Analysis indicated that the 
TiO2 nano particles immobilized on the PP granules were mainly of the anatase type and 
were doped with nitrogen. However, the loading of TiO2 on the PP granules was relatively 
low, with only less than 10 g/m2 (in terms of the amount of TiO2 on the surface), and thus 
the photocatalysts had relatively low photocatalytic activity. In this chapter, new methods of 
preparing buoyant photocatalysts will be developed with high loadin of TiO2. 
Among the different TiO2 crystal structures, anatase and rutile have received 
significantly more attention, possibly due to the better photoactivity of anatase TiO2 
(Comparelli et al., 2005; Cassaignon et al., 2007) and the wider morphological variation of 
rutile TiO2 (Diwald et al., 2004; Liu and Gao, 2004; Yang et al., 2004). Inspired by the 
different properties of anatase and rutile TiO2, the new buoyant photocatalysts with much 
improved TiO2 loadin will be achieved by a layered configuration of different types of TiO2 
nano materials, consisting of small flower-like rutile TiO2 as the bottom layer and 
nitrogen-doped anatase TiO2 as the top layer on the substrate of PP fabric (PPF). The rutile 
layer would provide larger surface area for the subsequent immobilization of the anatase 
layer that has higher activity under visible light. The performance of the prepared buoyant 
photocatalysts for the degradation of MO dye in water was examined under both the UV 




4.2.1 Preparation of buoyant composite photocatalysts with a layered-TiO2 
configuration 
Polypropylene fabric (PPF), an industrial filter, was supplied by Sefar Tetex 
(Switzerland) and was used as the substrate for TiO2 immobilization. Since the PPF surface 
was highly hydrophobic, it was pre-treated in a potassium dichromate sulfuric acid 
(K2Cr2O7/H2SO4) solution at 85 ºC for 30 seconds, followed by a treatment in a 0.5 M 
sodium hydroxide (NaOH, Sigma-Aldrich) solution at room temperature for another 15 min 
to increase the hydrophilicity. The K2Cr2O7/H2SO4 solution was prepared by dissolving 5 g 
K2Cr2O7 (Sigma-Aldrich) into 8g DI water with gentle heating and then slowly adding 100 
g H2SO4 ( > 98 %, Sigma-Aldrich) into the saturated potassium dichromate solution without 
any further heating. The pre-treated PPF was rinsed with water and then dried naturally in 
the lab at room temperature (21 ~ 22 ºC) for further use.  
The pre-treated PPF was first immobilized with a rutile TiO2 layer in a hydrothermal 
reactor (Berghof Br900, Germany). To achieve that, a 150 mL solution consisting of 
titanium trichloride (Sigma-Aldrich) at a concentration of 0.164 M/L and sodium chloride 
(Sigma-Aldrich) at a concentration of 5 M/L (Feng et al., 2005 ; Cassaignon et al., 2007; 
Wei et al., 2007; Bal et al., 2008) was prepared and added into the reactor. Then, two pieces 
of the pre-treated PPF (d = 47 mm) were placed into the reactor. The reaction and 
crystallization of TiO2 on the PPF was allowed to proceed at 150 ºC for 4 h in the reactor. 
After that, the PPF immobilized with a layer of rutile TiO2 was collected, rinsed with water 
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and dried in an oven at 65 ºC to constant weight. The photocatalyst prepared from this 
process is denoted as ‘R’.  
After the ‘R’ process, the PPF immobilized with rutile TiO2 was further immobilized 
with another layer of anatase TiO2. The ‘R’ photocatalyst was first dip-coated in a 
nitrogen-doped TiO2 nano sol at a rate of 20 mm/min for six times. The nitrogen-doped 
TiO2 nano sol was prepared with the same method as described in Chapter 3, with a specific 
TEA-treatment time of 120 h. After dried naturally in a fume hood for about 30 min, the 
dip-coated PPF was cured in an oven at 120 ºC for 10 min and then the coated TiO2 was 
crystallized in the hydrothermal reactor that was filled with 150 mL DI water at 150 ºC for 
another 4 h. This process was to immobilize nitrogen-doped anatase TiO2 onto the support. 
Finally, the PPF immobilized with the second layer of anatase TiO2 was taken out from the 
reactor, rinsed with water, and dried in an oven at 65 ºC to constant weight. The 
photocatalyst obtained from this process is referred to as ‘R+A’ hereafter.  
 Alternatively, the pre-treated PPF was directly immobilized with nitrogen-doped 
anatase TiO2 as described above. The prepared photocatalyst is denoted as ‘A’ in the 
following sections. Similarly, the photocatalyst denoted as ‘A+A’ was prepared by 
immobilizing another layer of the anatase TiO2 on the ‘A’ photocatalyst by repeating the 
same process as preparing the ‘A’ photocatalyst. The ‘A+A+A’ photocatalyst was also 
similarly prepared from the ‘A+A’ photocatalyst by immobilizing another layer of the 
anatase TiO2 on the ‘A+A’ photocatalyst.  
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4.2.2 Characterization of prepared buoyant composite photocatalysts  
The pre-treatment of the PPF with the K2Cr2O7/H2SO4 solution and the base solution 
was to improve the surface hydrophilicity and activate the surface for immobilization of 
TiO2. Therefore, the surfaces of the PPF substrate before and after the pre-treatment were 
analyzed with an X-ray photoelectron spectrometer (Kratos AXIS His-165 Ultra, UK) to 
examine the possible changes in the states and species of some elements of interest on the 
surfaces. The XPS had an Al-K radiation source (1486.7eV) and was operated at 10-8 Torr. 
Sample analyses and data processing followed the standard practice (Moulder et al., 1992).  
The surface morphologies of the PPF substrate and the prepared buoyant composite 
photocatalysts were observed with a Field Emission Scanning Microscope (JEOL 
JSM-6700F, Japan) under 5 kV electron beam. To confirm the composition of TiO2 
immobilized on the PPF substrate, elemental analysis was conducted for each type of the 
prepared buoyant composite photocatalysts with an Energy Dispersive X-ray spectroscope 
(EDX, Oxford EX-64165 JMU, UK) attached to the FESEM. The crystal structures of the 
rutile TiO2 particles in the ‘R’ process and the anatase TiO2 particles in the ‘A’ process were 
determined with an XRD spectrometer (LabX XRD-6000, Japan).  
The amounts of TiO2 loaded on the PPF substrate for the photocatalysts ‘R’, ‘R+A’. 
‘A’, ‘A+A’ and ‘A+A+A’ were determined from the weight differences before and after 
TiO2 immobilization. Samples were rinsed with DI water and dried in an oven at 65 ºC for 
10 h overnight, and then cooled down to constant weights in the lab at room temperature 
and under a relative humidity of about 70%. Then, the weight of a sample was obtained 
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from a digital analytical balance (AB204-S/FACT, Mettler Toledo) with the precision 
specified at ± 0.1 mg.  
To reveal the light activity (absorbance) of the prepared buoyant composite 
photocatalysts, UV-Vis reflectance of various samples was characterized through a φ60mm 
integrating-sphere accessory attached to a UV-Vis spectrophotometer (Jasco V660, Japan). 
The sample of the ‘R’, ‘R+A’, ‘A’, ‘A+A’ or ‘A+A+A’ photocatalyst was carefully cut and 
placed into the sample holder of the accessory. The light reflectance of each sample was 
obtained from the spectrometer. All the results were converted and presented in terms of 
light absorbance.  
4.2.3 Degradation of MO dye in aqueous solutions by the prepared photocatalysts 
The performance of the prepared buoyant composite photocatalysts was examined for 
the degradation of MO dye solutions. A 50 mL amount of the MO dye solution at an initial 
concentration of 15 mg/L was placed in a 100 mL Pyrex beaker (d = 50 mm). A piece of a 
specific type of the prepared buoyant composite photocatalysts (d = 47 mm) was cut and put 
into the solution in the beaker. The content in the beaker was stirred at 180 rpm on a plate 
stirrer ((Heidolph MR Hei-Standard, Germany). The light from a 150 W xenon lamp 
(Newport, USA) with a 69 mm diameter radiation area was applied to the MO dye solution 
in the beaker from the top. The light source had a UV light input at around 48 W/m2 and 
visible light at 178 W/m2 for the photocatalytic degradation of the MO dye solution. The 
reaction under the full irradiation of the lamp is denoted as ‘UV-Vis’ and the reaction under 
visible light (with UV being removed by a long-wave pass filter with a cut-off wavelength 
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of 400 nm) is labeled as ‘Vis’. The MO dye concentration in the solution was monitored by 
taking samples (about 1.5 mL each) at various time intervals and analyzing the samples with 
the UV-Vis spectrophotometer (Jasco V660, Japan) at 465 nm that characterizes the peak 
wavelength of the MO dye (samples were returned to the beaker after the analysis). Control 
tests indicated that the amounts of MO dye adsorbed by the added amounts of 
photocatalysts, even at adsorption equilibrium, were very small, and, hence, the changes in 
the MO dye concentration in the solutions during the photocatalytic reaction process was 
considered to be entirely resulted from the photocatalytic degradation. About 1 mL amount 
of the MO solution was also collected from the beaker at different reaction times for the 
analysis by HPLC (Agilent Series 1100, USA) to monitor the change of the compound in 
the degradation process. A Zorbax SB-C18 column (5 μm, 150 mm × 2.1 mm) was 
equipped with the HPLC instrument for the analysis and an acetonitrile - 10.0 mM 
ammonium formate (20 / 80, v / v) solution was used as the eluent with the flow rate 
controlled at 0.3 mL/min. For each analysis, a 5 μL amount of a sample was injected 
through an auto-sampling device into the instrument and the UV/Vis detector was operated 
at 465 nm to detect the MO dye and its degradation by-products. 
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4.3 Results and discussion 
4.3.1 XPS spectra of PPF substrate 
The XPS spectra of the PPF substrate before and after the K2Cr2O7/H2SO4 and base 
pretreatment are shown in Figure 4. 1. From the survey scan in Figure 4. 1 (a) and Figure 4. 
1 (b), it is clear that the intensity of the O1s peak increased greatly after the pretreatment. 
Calculation indicates that the elemental content of oxygen on the surface changed 
significantly from 4.89 % (the other 95.11 % as carbon) to 13.67 % (the other 86.33 % as 
carbon) due to the pretreatment. In Figure 4. 1 (c) and Figure 4. 1 (d) for the corresponding 
C1s spectra, the peak representing the C=O groups appeared after the K2Cr2O7/H2SO4 and 
base pretreatment and another peak representing the C-O groups also increased in intensity 
(see Figure 4. 1 (d) as compared to Figure 4. 1 (c)), indicating that some –ROOH groups 
were formed on the PPF surface by the pretreatment. In Figure 4. 1 (e), the O1s peak at 530 
eV for the PPF before the pretreatment may be attributed to metal oxide impurities, possibly 
from the Ziegler-Natta catalyst used in the PP manufacture process (Frank, 1968). In Figure 
4. 1 (f), the O1s peak for the PPF after the pretreatment left-shifted to a higher binding 
energy centered at 532 eV, indicating the existence of hydroxyl and carboxyl groups 
(Moulder et al., 1992), consistent with that indicated in Figure 4. 1 (d). The XPS results in 
Figure 4. 1 confirmed that the PPF surface indeed became more hydrophilic and was 
activated due to the formation of the hydroxyl or carboxyl groups on the surface by the 
pretreatment. These surface groups can interact with the hydroxyl component normally 
existing in TiO2 to form hydrogen bonds, for example, that can improve the adhesion of 
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Figure 4. 1 XPS survey spectra of PPF before pre-treatment (a) and after pre-treatment (b); XPS 
C1s spectra of PPF before pre-treatment (c) and after pre-treatment (d); XPS O1s spectra of PPF 
before pre-treatment (e) and after pre-treatment (f) 
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4.3.2 Surface morphology and elemental composition 
The FESEM surface images of the PPF and the prepared buoyant composite 
photocatalysts are shown in Figure 4. 2. As seen in Figure 4. 2 (a) and (b), the PPF substrate 
was in the form of a woven fiber structure made up of relatively smooth PP fibers. After 
immobilized with the rutile TiO2 layer, the PPF fibers in the ‘R’ photocatalyst are observed 
to be fully covered with particulate matters, with a rather rough surface; see Figure 4. 2 (c). 
The enlarged magnification shows that the particulate matters were composed of small 
flower-like nano rod assemblies (see Figure 4. 2 (d)) that are known to be one of the typical 
characteristic morphologies of the rutile TiO2 (Yang et al., 2004; Cassaignon et al., 2007). 
The flower-like composition of the ‘R’ configuration provided large surface area for the 
immobilization of the subsequent anatase TiO2 layer to obtain the buoyant photocatalyst of 
‘R+A’. From the surface morphology of the ‘R+A’ configuration shown in Figure 4. 2 (e), 
it is observed that the top anatase layer not only fully covered the flower-like rutile layer but 
also filled the gaps among the nano rods. In addition, the top anatase TiO2 layer appeared to 
be tightly adhered to the bottom rutile TiO2 layer and possessed a somewhat porous 
structure. For the photocatalysts ‘A’ (see Figure 4. 2 (g)), and ‘A+A’ or ‘A+A+A’, the 
immobilized TiO2 layer or layers on the PPF substrate exhibited a smooth surface, and there 
was no significant difference between ‘A’ and ‘A+A’ or ‘A+A+A’ in the surface 
morphology, except that the gaps among the fibers were more fully filled with the anatase 





















Figure 4. 2 FESEM images of PPF (a) and (b); ‘R’ photocatalyst (c) and (d); ‘R+A’ 
photocatalyst (e); and ‘A’ photocatalyst (f) and (g) 
As a confirmation of TiO2 immobilized on the PPF substrate, EDX analysis on the 
element composition of the surfaces was carried out and shown in Figure 4. 3. The element 













4. 3 for the PPF is expected as carbon is the primary element of PP. Other minor 
components may be attributed to the platinum coating from the sample preparation for the 
EDX analysis or other contaminants adsorbed on the surface. For the ‘R+A’ photocatalyst 
shown in Figure 4. 3, the existence of the Ti component is clearly observed.  
 
Figure 4. 3 EDX spectra of PPF (a) and ‘R+A’ photocatalyst (b) 
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It is also found in Table 4. 1 that the atom ratio of titanium to oxygen on the surface is 
about the same as that of the TiO2 molecular structure, indicating that the material 
immobilized on the PPF substrate was indeed a TiO2 layer. The carbon content for ‘R+A’ 
photocatalyst is also found to be reduced (see the lower peak count). This can be attributed 
to the coverage of the PPF surface by the immobilized TiO2. Since EDX technique is a 
surface analysis tool, the EDX results for ‘A’, ‘A+A’ and ‘A+A+A’ are similar to that of 
‘R+A’ and are therefore not included here. 
Table 4. 1 EDX data on the elemental compositions of the PPF surface and the 'R+A' 
photocatalyst surface (PPF immobilized with TiO2 after the 'R+A' process) 
Element kev Atom (%) 
PPF TiO2 film Difference 
C  0.277 85.05 59.6 - 
N 0.392 10.34 18.47 - 
O 0.525 3.41 14.8 11.39 
Ti 4.508 0 5.27 5.27 
Pd 2.838 0 0.19 - 
Pt 2.048 1.19 1.68 - 
XRD results were also obtained for the TiO2 layers formed in the ‘R’ and ‘A’ processes. 
As shown in Figure 4. 4, the spectra clearly confirm that the main crystal structure of the 
TiO2 layer prepared in the ‘R’ process was indeed rutile while that of the TiO2 layer 
prepared in the ‘A’ process was anatase. 
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Figure 4. 4 XRD patterns: (a) TiO2 generated from ‘R’ process; (b) TiO2 generated from ‘A’ 
process 
4.3.3 Amounts of TiO2 loaded on the buoyant composite photocatalysts 
The loaded amount of TiO2 on the PPF substrate is of great interest in this part of study 
to obtain high activity for the prepared buoyant composite photocatalysts. The amounts of 
TiO2 immobilized on the various buoyant composite photocatalysts prepared in the study 
are shown in Figure 4. 5. The ‘R+A’ configuration achieved the highest TiO2 load at 116 
g/m2, consisting of the first rutile layer at about 60 ± 6 g/m2 and the second anatase layer 
at around 56 ± 4 g/m2. In contrast, the loaded amounts of TiO2 on the photocatalysts of 
‘A’, ‘A+A’ and ‘A+A+A’ were only 50 ± 4 g/m2, 68 ± 4 g/m2 and 76 ± 5 g/m2 
respectively. In other words, 56 g/m2 anatase TiO2 was immobilized on the first layer of the 
rutile TiO2 for the ‘R+A’ photocatalyst, but only 18 g/m2 anatase TiO2 was added on to the 
first layer of the anatase TiO2 for the ‘A+A’ photocatalyst. The less and less increase of the 
anatase layer from ‘A’, ‘A+A’ to ‘A+A+A’ is understandable, because the gaps between the 
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PPF fibers provided a large space for TiO2 loading, but the gaps were filled after the first 
layer of anatase TiO2 loading. The large difference in the amount of anatase TiO2 
immobilized in the second layer of the ‘R+A’ and ‘A+A’ photocatalysts can be attributed to 
the differences in the surface morphologies and surface areas resulted from the first layer of 
TiO2 immobilized (i.e., rutile on ‘R+A’ and anatase on ‘A+A’) on the PPF substrate. The 
rough surface morphology and large surface area of the first rutile TiO2 layer greatly 
improved the immobilization for the second anatase TiO2 layer in the preparation of the 
‘R+A’ photocatalysts. Further immobilization of anatase TiO2 on a previous layer of anatase 
TiO2 did not remarkably increase the total amount of TiO2 on the prepared photocatalysts. 
For example, only 8 g/m2 of anatase TiO2 in the third layer was added onto ‘A+A’ in the 
preparation of ‘A+A+A’ photocatalyst. As far as the total amount of TiO2 immobilized on 
the buoyant composite photocatalyst is concerned, the ‘R+A’ configuration appears to be 
the most preferred method among all the immobilization configurations examined.  
All the prepared photocatalysts were found to be indeed buoyant. The density of the 
PPF used was 0.855×106 g/m3 and the density of TiO2 was about 4.23×106 g/m3. It can be 
found that when a maximum of 22.2 wt% of TiO2 is immobilized on the PPF (equivalent to 
137 g/m2), the density of the prepared photocatalyst would become the same as that of water, 
i.e., 106 g/m3. In this chapter, the loaded amounts of TiO2 on all the prepared photocatalysts 




































Figure 4. 5 Loaded amounts of TiO2 on buoyant photocatalysts prepared with different 
layered configurations 
4.3.4 Light absorbance 
The measured UV-Vis light absorbance spectra for the PPF and the prepared buoyant 
composite photocatalysts are shown in Figure 4. 6. The pre-treated PPF had only a little 
absorption to some UV light in the 200 ~ 300nm range and had no absorption to the visible 
light at all. After the immobilization of the rutile TiO2 layer on the PPF, the ‘R’ 
photocatalyst showed greatly improved UV light absorption, but did not absorb the visible 
light, especially at wavelength above 500nm, confirming that the rutile TiO2 is not a 
candidate photocatalyst for the use with the visible light source such as sunlight. For other 
prepared photocatalysts of ‘R+A’, ‘A’ or ‘A+A+A’, they all exhibited similar light 
absorbance result, with almost complete UV light absorption as well as greatly enhanced 
visible light absorption (up to wavelength of 800 nm). The similar light absorbance 
performance for ‘R+A’, ‘A’ and ‘A+A+A’ are understandable because all of them had the 
anatase TiO2 layer surfaces. The visible light activity of these photocatalysts can be 
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attributed to the immobilized anatase TiO2 that was doped with nitrogen and possibly 
carbon as well, as discussed in Chapter 3.  
 
Figure 4. 6 UV-Vis absorption spectra for various buoyant composite photocatalysts prepared
4.3.5 Photocatalyst performance for MO dye degradation 
Typical experimental results in MO dye degradation with the different types of 
prepared buoyant composite photocatalysts, i.e., ‘R’, ‘A’, ‘R+A’ and ‘A+A+A’ and the 
blank test (without photocatalyst added in the solution) are shown in Figure 4. 7. Without 
photocatalyst, the MO dye was not degraded at all. Under the ‘UV-Vis’ irradiation, the ‘R’ 
photocatalyst showed much lower degradation rate than the ‘A’ photocatalyst although both 
of them had a similar amount of TiO2 (60 ± 6 mg/m2 for the ‘R’ photocatalyst and 50 ± 
4 mg/m2 for the ‘A’ photocatalyst), indicating much less photocatalytic activity of the rutile 
TiO2 as compared with the anatase TiO2. The ‘R+A’ and ‘A+A+A’ photocatalysts achieved 
about the same and the highest degradation rate, probably resulting from the high loaded 
amounts of TiO2 on them. When exposed to the visible light (i.e., under ‘Vis’ irradiation), 
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the ‘R’ photocatalyst showed no activity at all and the degradation of MO dye was 
negligible (C/C0 remained 100%; see Figure 4. 7). The ‘R+A’ and ‘A’ photocatalysts, 
achieved almost the same high activity as indicated by the same degradation rate for the 
MO dye. The results confirm that the main contribution of the photoactivity under visible 
light was indeed attributed to the TEA modified anatase TiO2 layer on the surface of the 
photocatalysts. It is interesting to note that the ‘A+A+A’ photocatalyst showed lower MO 
dye degradation rate than the ‘R+A’ and ‘A’ photocatalysts. Although the ‘A+A+A’ 
photocatalyst had the highest amount of immobilized anatase TiO2 doped with nitrogen, the 
surface structure of the photocatalyst became less porous. The reduced surface area of the 
photocatalyst may cause its observed lower activity because the photocatalytic reaction 
essentially took place on the surface. In terms of the overall photocatalytic performance and 
the relative simplicity for preparation, the ‘R+A’ photocatalyst, among all others studied, 
appeared to be the best choice for the photocatalytic reaction with the sunlight as the light 
source because the sunlight contains the UV but more significantly the visible light.  
Figure 4. 8 shows the dynamic concentration changes of the MO dye solution treated 
with the ‘R+A’ buoyant composite photocatalyst. It can be found that the MO dye was 
completely degraded within 2 hours under the ‘UV-Vis’ condition, and up to 90% of the MO 
dye can be degraded in 4 hours under the ‘Vis’ condition. Hence, the results suggest that 
there is a great prospect for the prepared ‘R+A’ buoyant composite photocatalyst to be used 
for the degradation of organic contaminants in water with the sunlight as the possible light 
irradiation source (i.e., energy input). 
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Figure 4. 7 Degradation of MO dye solutions with different buoyant composite photocatalysts 
prepared in this study under ‘UV-Vis’ and ‘Vis’ lights (C0 = 15 mg/L; reaction time t = 2 h) 
Note: Blank was conducted under the same light irradiation conditions but without the 
addition of photocatalyst in the solution 
 
Figure 4. 8 Dynamic concentration changes for degradation of MO dye solution with the 
‘R+A’ buoyant photocatalyst under ‘UV-Vis’ and ‘Vis’ lights (C0 = 15 mg/L) 
4.3.6 MO dye degradation pathway 
It was found that the UV-Vis spectra of the MO dye changed differently under the 

















‘UV-Vis’ and ‘Vis’ light irradiation during the photocatalytic degradation process; as shown 
in Figure 4. 9. The UV-Vis spectra of the MO dye was characterized by two peaks: one 
major peak in the visible light range at about 465nm and the other minor peak in the UV 
light range at about 267nm. When irradiated with the ‘UV-Vis’ light in the experiments, the 
heights of both of the two peaks decreased rapidly with the reaction time but the two peaks 
remained almost at the same positions (same wavelength values) as initially they were. 
However, for the experiments under the ‘Vis’ light, the two peaks also decreased but they 
clearly blue-shifted to the shorter wavelength range with the increase of the reaction time. 
The different spectral changes under the ‘UV-Vis’ and ‘Vis’ lights suggest that the MO dye 
followed different degradation pathways in the reaction process. HPLC analysis was 
therefore performed. As shown in Figure 6. 6, the MO dye concentration was initially 
characterized by the peak at the retention time t = 9.5 min. Under the ‘UV-Vis’ irradiation, 
the MO dye peak at t = 9.5 min completely disappeared after 2 h photocatalytic reaction 
(indicating complete degradation of MO dye) with the ‘R+A’ photocatalyst. Consequently, a 
new peak at the retention time t = 3.5 min initially appeared at 0.5 h photocatalytic reaction 
and this peak gradually disappeared again with the reaction time (see Figure 6. 6 (UV-Vis)). 
The compound indicated by the peak at t = 3.5 min can be considered as a main 
intermediate by-product (MBP1). The MBP1 peak also appeared in the HPLC results for the 
reaction under the ‘Vis’ light and followed a similar change as under the ‘UV-Vis’ light. 
However, an additional peak at t = 1.7 min, indicating another main intermediate by-product 
(MBP2), was observed at 1 h of photocatalytic reaction (see Figure 6. 6 (Vis)). This peak 
increased with the reaction time till 4 h, indicating more of it being formed in the process. 
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The MBP2 peak also eventually disappeared at more than 4 h photocatalytic reaction. 
Hence, under the ‘Vis’ light, the MO dye showed a more clear trend to be degraded 
gradually into smaller molecules of such as MBP1 and then MBP2 that may become more 
difficult to be degraded in the photocatalytic reaction under the visible light. 
 























































Figure 4. 10 HPLC results showing the degradation products of MO dye during photocatalytic 
reaction under ‘UV-Vis’ or ‘Vis’ lights with the ‘R+A’ photocatalyst 





Buoyant composite photocatalysts with high TiO2 loadin on the PPF substrate were 
successfully obtained through layered immobilization configurations. Compared with two 
or three layers of anatase TiO2 (‘A+A’ or ‘A+A+A’) on the PPF, the ‘R+A’ photocatalyst 
with a layer of flower-like rutile TiO2 being first loaded on the substrate, followed by 
another layer of anatase TiO2 on the top, achieved the highest TiO2 loading amount (at up to 
116 g/m2). The flower-like morphology of the rutile TiO2 layer provided larger surface area 
for the immobilization of subsequent anatase TiO2 layer, which increased the total loaded 
amount of TiO2 on the substrate. It is confirmed that the rutile TiO2 was only active to the 
UV light but the TEA modified anatase TiO2 on the surface had high photoactivity to the 
visible light. All the prepared photocatalysts had density less than that of water and were 
buoyant. MO dye degradation experiments demonstrated the effectiveness of the prepared 
photocatalysts to work under both the UV and visible lights. As far as the overall 
photocatalytic performance and relative simplicity of the preparation method is concerned, 
the ‘R+A’ photocatalyst appears to be the best choice for the targeted photocatalytic 
reactions with the sunlight as the light source because the sunlight contains the UV but more 
significantly the visible lights. The prepared buoyant photocatalyst has the prospect for 
decontamination of organic pollutants in water or wastewater through simple treatment 
system and potentially at low cost. The degradation pathways of MO dye with the prepared 
photocatalysts were found to be different under the UV and visible lights. More 
intermediate by-products were observed during the degradation process under the visible 
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light and they took longer time to be completely degraded, suggesting that there was a shift 
in the degradability of the intermediate compounds with the degradation time in the 




The Effect of Thickness of Photocatalyst Film Immobilized on 
the Buoyant Composite Photocatalysts on Their Property and 
Performance 
5.1 Introduction 
In the previous chapter, a buoyant composite photocatalyst with modified TiO2 film 
immobilized on the polypropylene substrate has been successfully developed (Han and Bai, 
2009). The buoyant composite photocatalyst can float automatically to the water surface and 
the photocatalytic reactor was clearly divided into a top zone with the photocatalyst and a 
bottom zone that was entirely of water (i.e., free of the photocatalyst). This development has 
made it convenient to separate the photocatalyst from the treated water. In addition, while 
many available photocatalysts were only active under the UV light the developed buoyant 
composite photocatalyst showed excellent activity under both the UV as well as the visible 
lights. This latter feature provides a great prospect for the natural sunlight to be used as an 
effective light source in the photocatalytic reactions for water or wastewater treatment to 
save cost. The reason is that the natural sunlight is well known to contains a large portion of 
the visible light (about 45 ~ 50 %), as compared to that of the UV light (only about 3 ~ 5 %) 
(Mori, 2004). 
In the literature, photocatalytic treatment of water or wastewater with photocatalysts in 
the nano-particle form has been well reported, including the degradation efficiency as well 
as the effect of various operational parameters (Uyguner and Bekbolet, 2004; Zhang and 
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Jian, 2006; Uyguner and Bekbolet, 2007; Choo et al., 2008; Huang et al., 2008). The 
parameters that were found to have effect on the reaction kinetics included water pH value, 
photocatalyst concentration, light intensity and air flow rate, etc. For photocatalysts in the 
nano-particle form, the particle sizes have also been found to be an important material 
character influencing the performance. In general, smaller photocatalyst particle sizes were 
considered to provide larger specific surface areas (Bekbolet et al., 2002), and hence better 
reactivity. However, the treatment performance was also found to depend on other factors 
other than sizes, such as the organic compounds to be degraded. For example, Bekbolet and 
Uyguner conducted a kinetic study in natural organic matter (NOM) degradation using 
commercially available Degussa P25 TiO2 and Hombikat UV-100 TiO2 powder as the 
photocatalysts, respectively (Bekbolet et al., 2002). They found that the smaller size (10 nm) 
and higher specific surface area (189 m2/g) of the Hombikat UV-100 TiO2 photocatalyst did 
not render a higher adsorption capacity for NOM, as compared to the larger size (20 ~ 30 
nm) and smaller specific surface area (55 m2/g) of the Degussa P25 TiO2 photocatalyst. The 
results illustrated a case where the large sized humic acid molecules were not found to have 
a better treatment performance with the smaller sized photocatalyst. 
In contrast, photocatalysts in the film form have been relatively less studied. In the 
literature, a report by Al-Homoudi et al. compared the performance of carbon monoxide 
(CO) gas sensor made of anatase TiO2 film on a sapphire substrate with a thickness of 250 
nm or 1000 nm (2007). They found that the film with a larger thickness of 1000 nm showed 
a greater decrease in the electrical resistance at higher CO concentrations ( > 40 ppm). This 
phenomenon has been attributed to the better crystalline quality of TiO2 in the thicker film. 
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The above mentioned study raised an issue that the thickness of TiO2 films may have an 
effect on their performance even though that study was in fact not specifically related to 
photocatalytic reaction or its application. It is therefore the objective of this chapter to 
examine the effect of photocatalyst film thickness on the photocatalytic degradation 
performance with the buoyant composite photocatalyst prepared through immobilizing TiO2 
nanoparticles on a polypropylene (PP) substrate. The general method reported in the early 
chapters to immobilize TiO2 on PP with different thicknesses (Han and Bai, 2010) was used 
to obtain the photocatalyst materials and their photocatalytic degradation performances 
were experimentally investigated. For performance evaluation purpose, methyl orange (MO) 
dye that is a toxic and common contaminant hardly to be effectively removed by other 
degradation methods such as biological treatment was selected as the model pollutant in the 
photocatalytic degradation experiments in this chapter. The degradation kinetics, as a 
fundamental tool to obtain a better understanding of the photocatalyst’s performance, was 




5.2.1 Preparation of the buoyant composite photocatalysts with different film 
thicknesses 
The general method to prepare the buoyant composite photocatalyst with different 
TiO2 film thicknesses was described in details in Chapter 4. In brief, the buoyant composite 
photocatalyst consisted of a TiO2 film immobilized on a polypropylene fabric (PPF) as the 
substrate (Sefar Tetex, Multi 05-8-620-SK-T, Switzerland). The buoyant composite 
photocatalyst that is denoted as ‘R+A’ was composed of two layers of TiO2 on the PPF 
substrate surface: a flower-like rutile layer at the bottom and an anatase layer on the top; 
while the one denoted as ‘A’ has only the anatase TiO2 layer on the PPF substrate (Han and 
Bai, 2010). As reported in Chapter 4, the anatase TiO2 layer was prepared through the 
dip-coating of the triethylamine (TEA) treated titanium dioxide sol, which makes the ‘R+A’ 
and ‘A’ series of the buoyant composite photocatalyst not only active under the UV light but 
also absorb the visible light and therefore be photoactive under the visible light as well. 
Since the surface area of the PPF substrate was fixed, the apparent thickness of the 
TiO2 film on the composite photocatalyst was therefore proportional to the TiO2 loading – 
the weight of TiO2 immobilized on per unit area of the PPF substrate. The loading of the 
rutile TiO2 for the ‘R+A’ series was fixed in this chapter but the loading of the anatase TiO2 
for both the ‘R+A’ and ‘A’ series was varied in the preparation process by controlling or 
adjusting the concentration of the nitrogen-doped TiO2 sol and the dip-coating times.  
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As shown in Chapter 4, the thickness or loading for the ‘A’ series was relatively more 
difficult to increase, while for the ‘R+A’ series, it can be easier to achieve and even reach 
50% greater than that of the ‘A’ series. Therefore, the total photocatalyst film thicknesses on 
the ‘R+A’ and the ‘A’ series in this chapter were not exactly the same but they did vary to 
cover a wide range for the study purpose. The PPF substrate used to prepare the buoyant 
composite photocatalysts was a disc shape and each had a diameter of 50 mm. The TiO2 
loading and the film thicknesses of the prepared buoyant composite photocatalyst for this 
study are summarized in Table 5. 1.  
Table 5. 1 Loadin and photocatalyst film thickness of the prepared buoyant composite 
photocatalyst in the ‘R+A’ and ‘A’ series 
Buoyant 
photocatalyst 
Loading (g/m2) Thickness (μm) 
Rutile  Anatase Total Rutile  Anatase Total 
‘R+A’1 60 43.6 103.6 14.2 10.3 24.5 
‘R+A’2 60 54.6 114.6 14.2 12.9 27.1 
‘R+A’3 60 70.8 130.8 14.2 16.7 30.9 
‘R+A’4 60 77.6 137.6 14.2 18.3 32.5 
‘A’1 - 26.8 26.8 - 6.3 6.3 
‘A’2 - 36.8 36.8 - 8.7 8.7 
‘A’3 - 52.5 52.5 - 12.4 12.4 
‘A’4 - 70.9 70.9 - 16.8 16.8 
 
5.2.2 Photocatalyst characterization 
The loading of TiO2 on the PPF substrate per unit area was determined by the weighing 
method as described in Chapter 4. The thickness of the TiO2 film on a buoyant composite 
photocatalyst was roughly estimated by dividing the TiO2 loading with the density of TiO2 
(4.23 g/cm3). The light absorbance of the prepared buoyant composite photocatalyst was 












integrating-sphere accessory (Han and Bai, 2009; 2010). The surface morphologies of the 
‘R+A’ and ‘A’ series of the buoyant composite photocatalyst were observed through the 
SEM analysis (Han and Bai, 2010). 
5.2.3 Photocatalytic degradation experiments for MO dye in aqueous solutions 
The experimental setup for the photoctalytic degradation of MO dye in this chapter is 
schematically shown in Figure 5. 1. The reactor was a 150 mL glass beaker. An air 
distributor (D = 20 mm) was placed at the bottom of the reactor. Air from an air compressor 
was supplied to the reactor through the distributor at a flow rate of 0.1 L/min, which is to 
improve the mass transfer as well as to provide the dissolved oxygen in the solution. The 
 
Figure 5. 1 Schematic diagram of the photocatalytic reaction system: 
1) air compressor; 2) air flowmeter; 3) air distributor; 4) reactor; 5) MO dye solution; 6) 
buoyant composite photocatalyst; 7) light beam turning assembly; and 8) the xenon lamp 
light source system 
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reactor was filled with 100 mL of the MO dye (MO, GR grade, Sinopharm) solution at an 
initial concentration of 15 mg/L and with an initial pH value at around 5.8. A piece of one 
type of the prepared buoyant composite photocatalyst as given in Table 5. 1 was used in an 
experiment. The composite photocatalyst was initially saturated in a dark box with the MO 
dye solution of the same MO dye concentration as in the reactor before used in the 
photocatalytic reaction in the reactor to avoid the effect by the initial adsorption process on 
the degradation kinetics. A 150W xenon lamp (Newport, USA) with an irradiation area of 
the diameter of 69 mm (providing the UV light at 48 W/m2 and the visible light at 178 
W/m2) was used as the light source in most of the experiments unless specially mentioned 
otherwise (Han and Bai, 2009). When the photocatalytic reaction was conducted under the 
full wavelength of the light from the xenon lamp, it is denoted as ‘UV-Vis’, while that under 
the visible light only is denoted as ‘Vis’. In the latter case, a long-wave pass filter with 
cut-on wavelength at 400 nm was used to block the UV light. The filter was fixed in a filter 
holder attached to the light beam turning assembly. In some cases, a 100 W UV lamp with 
an irradiation area of the diameter of 203 mm (providing the UV light at about 70 W/m2 
with 365 nm wavelength) was used as the light source, and the corresponding reaction is 
denoted as ‘UV’. The light intensities and light spectra of the two types of light lamps, as 
measured with a potable spectrometer (Newport, OSM2-400), are shown in Figure 5. 2. The 
results confirm that the UV lamp indeed mainly provided the UV light at around 360 nm 
and the xenon lamp produced lights from 200 nm up to 800 nm (see the enlarged insert in 
Figure 5. 2). The concentration of MO dye in the solution in each experiment was 
monitored by taking samples at various time intervals and analyzed with a UV-Vis 
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spectrophotometer (Jasco V660, Japan) at 465 nm (Han and Bai, 2010). The total 
degradation time was 120 min for each of the experiment. 
5.2.4 Modeling analysis of MO dye degradation kinetics 
The kinetics of photocatalytic degradation of organic contaminants has usually been 
modeled by the Langmuir-Hinshelwood (L-H) equation as given below (Bekbolet et al., 









1                                                    (5.1) 
where R is the reaction rate (mg·L-1·min-1), kL-H is the reaction rate constant (mg·L-1·min-1), 
Kads is the adsorption coefficient of the reactant on TiO2 (L·mg-1), C is the concentration of 
the reactant or the target contaminant (mg·L-1) in the solution at time t, and t is the reaction 
time (min). 
The integration of Eq. (5. 1) will lead to: 
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where C0 is the initial concentration of the reactant at t = 0. If the initial concentration C0 is 
relatively low, Eq. (5. 2) may be approximated into an expression of the pseudo-first-order 
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                                                  (5.3) 
where k = kL-H Kads, (min-1) may be referred to as the pseudo-first-order reaction rate 
constant. Eq. (5.3) indicates that ln(C0/C) versus t during the reaction may follow a straight 
line and the slope of the line gives the value of k. 
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5.3 Results and discussion 
5.3.1 TiO2 film thickness of the prepared buoyant composite photocatalyst 
As shown in Table 5. 1, the buoyant composite photocatalyst prepared for this chapter 
include the ‘R+A’ series and the ‘A’ series. The ‘R+A’ series had a rutile TiO2 layer at the 
bottom on the PPF substrate surface and another anatase TiO2 layer above the rutile TiO2 
layer on the surface of the buoyant composite photocatalyst. In contrast, the ‘A’ series had 
only an anatase TiO2 layer on the PPF substrate. From Chapter 4, it has been found that the 
‘R+A’ preparation approach was much easier to immobilize more TiO2 on the PPF substrate 
to increase the photocatalyst film thickness because the bottom rutile layer provided a very 
rough surface (Han and Bai, 2010). In this chapter, for all the ‘R+A’ series, the rutile TiO2 
layer had a fixed thickness of about 14.2 μm but the anatase TiO2 layer varied in its 
thickness from about 10.3 μm for ‘R+A1’ to 12.9, 16.7 and 18.3 μm for ‘R+A2’, ‘R+A3’, 
and ‘R+A4’, respectively. Similarly, the ‘A’ series also had a varied thickness of the anatase 
layer from about 6.3 μm for ‘A1’ to 8.7, 12.4 and 16.8 μm for ‘A2’, ‘A3’ and ‘A4’, 
respectively. Therefore, the prepared buoyant composite photocatalyst in both the ‘R+A’ 
series and ‘A’ series, as listed in Table 5. 1, provided a good array of the photocatalyst film 
thicknesses for Chapter 5 to compare their effect on photocatalytic degradation performance 
for the MO dye. 
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Table 5. 2 The pseudo-first order reaction rate constants determined from the MO dye 






R2 k Vis (min-1) R2 k UV-Vis (min-1) 
‘R+A1’ 10.3 0.999 0.00431 0.999 0.00561 
‘R+A2’ 12.9 0.999 0.00445 0.993 0.00585 
‘R+A3’ 16.7 0.999 0.00495 - - 
‘R+A4’ 18.3 0.999 0.00503 0.999 0.00641 
‘A1’ 6.3 0.999 0.00264 0.998 0.00504 
‘A2’ 8.7 0.999 0.00354 0.999 0.0059 
‘A3’ 12.4 0.998 0.00409 0.999 0.00681 
‘A4’ 16.8 0.997 0.00513 0.999 0.00787 
 
5.3.2 Effect of film thicknesses on MO dye degradation performance 
The typical experimental degradation results with the various types of the prepared 
buoyant composite photocatalyst for MO dye at an initial concentration of 15 mg/L are 
shown Figure 5. 3. It can be found from the figure that the MO dye degradation rates clearly 
increased with the increase of the TiO2 film thickness for the ‘A’ series buoyant composite 
photocatalyst (from ‘A1’ to ‘A4’) under both the ‘Vis’ and ‘UV-Vis’ conditions, with the 
differences being more significant under ‘Vis’ than under ‘UV-Vis’. For the ‘R+A’ series, 
the same feature can still be observed but is less apparent. To confirm this finding, the 
pseudo-first order reaction rate constants, k, under the ‘Vis’ and ‘UV-Vis’ conditions, i.e., 
kVis and kUV-Vis, are determined from all the relevant experimental results as discussed in 
5.2.4 Eq. (5.3) and are given in Table 5. 2. The linear regression coefficient, i.e., the R2 
value, from the experimental results to obtain the corresponding k value, is also included in 
Table 5. 2 for each case. The results in Table 5. 2 reveal that the experimental degradation 
data fitted the pseudo-first-order kinetic reaction model very well and the pseudo-first-order 
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reaction rate constants, k, for both the ‘A’ and the ‘R+A’ series of the buoyant composite 
photocatalyst show a clear trend of increase with the increase of the photocatalyst film 
thickness under either the ‘Vis’ or ‘UV-Vis’ irradiation condition. Thus, the experimental 
results and the model fitting analysis seem to indicate that increasing the photocatalyst film 
thickness on the prepared buoyant composite photocatalyst is always advantageous to the 
photocatalytic reaction in MO dye degradation.  








































In order to clarify this point, the photocatalytic reaction which involves heterogeneous 
photocatalysts may be further examined in more details. The reaction can be a complex 
process at the molecular level and possibly include a number of sequential steps as the 
followings.  
First, light is absorbed by the TiO2 film and the pairs of electrons and holes are 
generated: 
Figure 5. 3 Effect of photocatalyst film thickness on MO dye degradation performance under the 
‘Vis’ and ‘UV-Vis’ irradiations by the 150 W xenon lamp 







































TiO2 + hv → e- + h+                                                     (5.4) 
At the meantime, H2O, O2 and the molecules of the pollutant substances (e.g., MO dye 
in this case) are adsorbed onto the TiO2 film surface (Aleboyeh et al., 2008): 
H2O → {H2O}ads                                                      (5.5) 
O2 → {O2}ads                                                                        (5.6) 
Pollutant molecules → {Pollutant molecule}ads                               (5.7) 
Then, the generated electrons and holes tend to react with the H2O and O2 molecules 
adsorbed on the TiO2 film surface, especially with the H2O whose concentration is far 
exceeding the concentration of the pollutant substances (Hidaka et al., 2003): 
h+ + {H2O}ads → H+ + {OH· }ads                                          (5.8) 
e- + {O2}ads → {O2-}ads                                                    (5.9) 
{O2-}ads + H+ → {OOH·}ads                                              (5.10) 
Finally, the active groups such as the hydroxyl radical OH· and hydroperoxyl radical 
OOH· would attack the surface-adsorbed pollutant substances and eventually oxidize them: 
{OH· }ads or {OOH·}ads + {Pollutant molecules}ads → oxidized form of the pollutant 
molecules adsorbed on the TiO2 surface and subsequently desorbed               (5.11) 
It is easy to understand that the reaction steps in Eqs. (5. 5) to (5. 11) would only take 
place on the photocatalyst film surface. For buoyant composite photocatalyst of the ‘A1’ to 
‘A4’ series or the ‘R+A1’ to ‘R+A4’ series, their surface areas may be assumed to be 
almost the same (Han and Bai, 2010). Hence, the reactions in Eqs. (5. 6) to (5. 11) should 
not be the steps that caused the differences in the MO dye degradation performance. The 
reaction in Eq. (5. 4) however can involve not only the surface but also the bulk of the 
Chapter 5 
122 
photocatalyst film (Cen et al., 2006). The thick photocatalyst film may be able to absorb 
more photos from the light and thus generate more electron/hole pairs, in comparison with 
the thin photocatalyst film. As a result, higher concentrations of the active radicals were 
available, which resulted in higher reaction rates in MO dye degradation by the buoyant 
composite photocatalyst with thicker photocatalyst films. 
5.3.3 Effects of the UV and Vis lights on the performance of the buoyant composite 
photocatalyst with different photocatalyst film thicknesses 
The results in 5.3.2 can provide affirmative support to the positive effect of increasing 
the photocatalyst film thickness on improving the MO dye degradation performance under 
the ‘Vis’ condition. However, there is no clear information on the effect under the ‘UV’ 
condition can be derived. Although the results under the ‘UV-Vis’ condition showed a 
similar trend to that under the ‘Vis’ condition, it is not clear that the trend was caused by the 
visible light only or by both the visible light and the UV light together. To further explore 
the difference, the change in the pseudo-first-order reaction rate constant with the change of 
the anatase TiO2 film thickness for the ‘A’ and ‘R+A’ series of buoyant composite 
photocatalyst under the ‘UV-Vis’ or ‘Vis’ irradiation is presented in Figure 5. 4. As expected, 
the pseudo-first order reaction rate constant shows a linear increase with the increase of the 
photocatalyst film thickness in all the cases. The ‘A’ series has a greater slope in the change 
than the ‘R+A’ series, indicating that the ‘A’ series was more sensitive to the photocatalyst 
film thickness than the ‘R+A’ series. It is more interesting however to note from the figure 
that the line under the ‘UV-Vis’ irradiation was parallel to and above that under the ‘Vis’ 
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irradiation for both the ‘A’ and ‘R+A’ series of the buoyant composite photocatalyst. Since 
the only difference between the ‘UV-Vis’ and ‘Vis’ irradiations is that the UV light was 
blocked under the ‘Vis’ condition, it is therefore reasonable to assume that the gap between 
the two lines under the ‘UV-Vis’ and ‘Vis’ conditions was caused by the effect of the UV 
irradiation. As the two lines under the ‘UV-Vis’ and ‘Vis’ conditions are parallel, suggesting 
that the gap values were constant with the increase of the photocatalyst film thickness for 
both the ‘A’ and ‘R+A’ series, the results in Figure 5. 4 therefore indicate that the MO dye 
degradation performance may not be changed with the increase of the photocatalyst film 
thickness due to the UV light irradiation.  
Since a light filter that can block the visible light and IR was not available, it was 
impossible to conduct the MO dye degradation experiments under the UV light irradiation 
only by using the 150 W xenon lamp that was available in the study. Therefore, another UV 
Figure 5. 4 The pseudo-first-order kinetic rate constant for MO dye degradation with the ‘A’ 
and ‘R+A’ series of the buoyant composite photocatalyst under the ‘Vis’ and ‘UV-Vis’ 
irradiations by the 150 W xenon lamp 
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lamp as the light source was obtained to conduct the MO dye degradation experiments 
under the UV light irradiation only, even though the light intensity and spectra of the UV 
lamp were different from those from the 150 W xenon lamp. These experiments were to 
help to understand the performance of the photocatalyst with various film thicknesses under 
the UV light irradiation. A series of similar experiments to those with the 150 W xenon 
lamp before were conducted with the UV lamp and the pseudo-first-order reaction rate 
constant was determined for each case. The results are given in Table 5. 3 and shown in 
Figure 5. 5 for both the ‘A’ and ‘R+A’ series of the buoyant photocatalyst. It is clear from 
Table 5. 3 and in Figure 5. 5 that the reaction rate constants remained almost the same for 
all the cases with the UV irradiation (the 365 nm UV). These results therefore confirmed 
that the increase of the photocatalyst film thickness did not contribute to the increase in the 
MO dye degradation rate under the UV light irradiation. Hence, the phenomenon observed 
under the ‘UV-Vis’ condition in Figure 5. 3 was mainly caused by the visible light. Thus, it 
is reasonable to conclude that under the visible light irradiation, the increase of the 
photocatalyst film thickness on the buoyant composite photocatalyst can have a positive 
effect on the increase of the MO dye degradation performance. Under the UV light 
irradiation, however, no such effect can be observed at least for the range of photocatalyst 
film thickness examined in this study. 
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Table 5. 3 The pseudo-first order reaction rate constants determined from the MO dye 






R2 k UV (min-1) 
‘R+A1’ 10.3 0.999 0.00262 
‘R+A2’ 12.9 0.999 0.00268 
‘R+A3’ 16.7 - - 
‘R+A4’ 18.3 0.998 0.00266 
‘A1’ 6.3 0.999 0.00288 
‘A2’ 8.7 0.999 0.0028 
‘A3’ 12.4 0.999 0.00292 
‘A4’ 16.8 0.999 0.00284 
 
5.3.4 Active photocatalyst film thickness under the UV and Vis light irradiations 
In order to further explain the phenomenon that the photocatalytic activity increased 
with the increase of the photocatalyst film thickness on the buoyant composite photocatalyst 
 
Figure 5. 5 The pseudo-first-order kinetic rate constant for MO dye degradation with the ‘A’ 
and ‘R+A’ series of the buoyant composite photocatalyst under the ‘UV’ irradiation by the 100 
W UV lamp 
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under the visible light but not under the UV light, a parameter δ is defined as the active film 
thickness that would participate in a photocatalytic reaction and is discussed below. As 
reported by Cen et al. (2006), a beam of 254 nm UV light with a specific intensity was 
completely absorbed by three layer of a TiO2 film and an increase in the film thickness to 
four, six and ten layers of the TiO2 film did not render a higher light absorbance. This result 
indicates that the extra layers of the TiO2 film did not participate in the light absorption. In 
that case, the active film thickness of the photocatalyst, δ254 for the 254 nm UV light, may 
be considered to be the thickness of three layers of the TiO2 film. However, for 365 nm UV 
light, δ365 was found to be much larger than δ254 even though the light intensities of the 254 
and 365 nm lights were the same. In fact, even the ten layers of the TiO2 film did not 
completely absorb all the 365 nm light and the extent of light absorbance increased with the 
number of layers of the TiO2 film from one to ten layers. It has been shown that the active 
film thickness δ that can fully absorb a beam of monochromatic light is dependent on the 
light intensity as well as the light wavelength (Cen et al., 2006). It is also known that the 
two beams of 254 and 365 nm lights do not have the same photon number density even 
though they have the same light intensity. The photon number density of a light is 
determined by its light energy that is up to the light wavelength and the lights with shorter 
wavelengths have higher photon energy, as described by the following equation (Saleh et al., 
1991): 

chhvE                                                          (5.12) 
where E is the photon energy (J); h is the Planck constant (6.626068×10-34 J·s); v is the 
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wave number (s-1); c is the speed of light, equal to 299,792,458 m/s; and λ is the wavelength 
of the light (m). Furthermore, the photon number density of a light is determined by both 








                                                          (5.13) 
where ni is the photon number density and Ii is the intensity of the light with a specific 
wavelength i (W·m-2). Therefore, for a beam of monochromatic light with a specific 
intensity Ii, the shorter the wavelength is, the higher the photon energy and the less the 
photon number density ni. In the case of Cen et al’s study, the photon number density of the 
beam of 254 nm UV light was smaller than that of the 365 nm UV light under about the 
same light intensities but different photon energies. Since the effective band gap of the 
anatase TiO2 is 3.2 eV and that of the rutile TiO2 is 3.0 eV, the prepared buoyant composite 
photocatalyst of both the ‘A’ and ‘R+A’ series can absorb and be excited by the 254 nm 
light (4.88 eV) and the 365 nm light (3.39 eV). Because there were less numbers of photons 
in the beam of 254 nm light, there were therefore less numbers of electron/hole pairs needed 
to participate in the excitation and reaction. Thus, δ254 would be smaller than δ365. From this 
analysis, it can be concluded that when the real photocatalyst film thickness is greater than 
or equal to that of the active photocatalyst film thickness, the light absorbance and hence the 
photocatalytic reaction rate will not increase with the further increase of the photocatalyst 
film thickness. Similarly, when the real photocatalyst film thickness is less than that of the 
active photocatalyst film thickness needed, the light absorbance or photocatalytic reaction 
rate will increase with the further increase of the photocatalyst film thickness. 
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In this study, the light from the 150 W xenon lamp was polychromatic light but it can 
be roughly divided into the UV light (200 ~ 400 nm) and the visible light (400 ~ 700 nm). 
The total photon number density n, and that contributed from the UV light, nUV, or from the 






































































1                                    (5.16) 
whereλUV andλVis are the average wavelength of the UV light and the visible light, 
respectively; IUV and IVis are the integral light intensity of the UV and the visible light, 
respectively; and EUV and EVis are the average photon energy of the UV and the visible light, 
respectively.  
Since the integral intensity of the UV light (IUV = 48 W/m2) was much smaller than 
that of the visible light (IVis = 178 W/m2) and the average photon energy of UV light is 
much higher than that of the visible light according to Eq. (5. 12), it is easy to understand 
that the photon number density of the UV light from the xenon lamp was much smaller than 
that of the visible light from the xenon lamp. Therefore, the active photocatalyst film 
thickness for the UV light, δUV, can be expected to be smaller than that for the visible light, 
δVis. This difference can explain the observed phenomenon that the MO dye degradation rate 
increased with the increase of the immobilized photocatalyst film thickness on the buoyant 
composite photocatalyst under the Vis irradiation but not under the UV irradiation. In fact, 
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even the smallest photocatalyst film thickness on the ‘A1’ and ‘R+A1’ samples may have 
already reached or even exceeded the active photocatalyst film thickness needed for the UV 
light δUV. So, the further increase in the photocatalyst film thickness in the ‘A2’ to ‘A4’ or 
‘R+A2’ to ‘R+A4’ series did not cause further increase in the reaction rate. Because δVis 
could be much larger than δUV, there should be no difficulty to understand the fact that the 
increase in the photocatalyst film thickness from ‘A1’ to ‘A4’ and from ‘R+A1’ to ‘R+A4’ 
indeed increased the reaction rate under the ‘Vis’ light because the greatest photocatalyst 
film thickness on the ‘A4’ or ‘R+A4’ sample may probably still not have reached the δVis 





The photocatalytic degradation performance of MO dye in aqueous solutions was 
examined with a buoyant composite photocatalyst with different thicknesses of 
photocatalyst film immobilized on a PPF substrate. Two series of the buoyant composite 
photocatalyst, namely ‘R+A’ and ‘A’, were prepared through different immobilization 
configuration but both had varied thicknesses of anatase TiO2 layer on the surfaces. In all 
the cases, it has been found that MO dye was effectively degraded and the reaction followed 
a pseudo-first-order reaction rate model. However, the degradation performance showed 
clear increase with the increase of photocatalyst film thickness on the buoyant composite 
photocatalyst under the irradiation of the visible light, but the performance remained 
unchanged under the irradiation of the UV light. Analysis was conducted to reveal the effect 
of the photocatalyst film thickness to the photocatalytic reaction performance. It is shown 
that a light source, according to its light intensity and wavelength range, requires a specific 
maximum thickness of the photocatalyst film to completely adsorb the light (defined as an 
active film thickness δ). When the film thickness was greater than the active film thickness 
δ, the reaction rate did not increase with the film thickness; while the film thickness was 
smaller than the active thickness, the reaction rate increased with the film thickness. As the 
visible light usually has a greater wavelength and also a higher light intensity in this study, 
the MO dye degradation performance therefore increased with the photocatalyst film 
thicknesses under the visible light irradiation, due to the greater δ, as compared to that under 
the UV light irradiation. The study confirmed that it can be advantageous to increase the 
photocatalyst film thickness on the buoyant composite photocatalyst when it is targeted for 
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A Preliminary Study of Buoyant Composite Photocatalysts 
Containing an Adsorbent Component and Their Performance in 
Phenol Removal from Aqueous Solutions 
6.1 Introduction 
In photocatalytic processes, photocatalysts under light irradiation produce active 
radicals that can attack the organic compounds in water or wastewater and degrade them 
into simpler or nontoxic ones. However, the produced radicals can easily lose their activity 
within the time scale of less than 10-5 second through reactions either with the organic 
pollutants or by recombining with other radicals or carriers. When the targeted organic 
pollutants are present at low concentrations in the bulk solution or have low mass transfer 
rates to the photocatalyst surfaces, most radicals can quickly lose their activity before they 
have a chance to encounter a pollutant compound and participate in the degradation reaction. 
In order to overcome this problem, some studies have combined an adsorbent with a 
photocatalyst (Li et al., 2006; Wang et al., 2009), either through immobilizing photocatalyst 
particles onto the surfaces of an adsorbent powder or mixing an adsorbent powder with the 
photocatalyst particles in the reactor. Prior studies have found that those approaches can 
improve the kinetics of pollutant removal, i.e., pollutant was more rapidly 
photo-decomposed in a combined adsorbent and photocatalyst system, as compared to that 
in a photocatalyst only system (Li et al., 2006; Wang et al., 2009). The accelerated reaction 
rate has been attributed to the effect of adsorption of the pollutants onto the adsorbent 
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followed by the rapid migration of the pollutants from the adsorbent to the surface of the 
photocatalyst (Li et al., 2006; Wang et al., 2009). However, there have been various issues 
that need to be resolved in those earlier practices. First, both photocatalysts and adsorbents 
were in very small sized powders (often in the nanometer or micrometer range) and hence 
they were very difficult and costly to be separated from the treated water (Lee et al., 2001; 
Chiemchaisri et al., 2007; Syafei et al., 2008). Second, the porous adsorbents used in the 
combined adsorption/photocatalysis system were found to be fouled by the photocatalyst 
particles in the pores of the adsorbents, and, as a result, the performance of both the 
adsorbents and photocatalysts was greatly reduced (Li et al., 2006). In addition, the 
photocatalysts and adsorbents in powder or small particle forms were usually applied in the 
water to be treated in a slurry. Light provided either from UV lamps installed in the water or 
above the water surface or from natural sunlight must travel through the water to reach the 
surface of the photocatalyst particles. Unfortunately, light attenuates very significantly with 
distance in such slurry reactors, as compared to attenuation with distance through air or 
clean water (Denny, 1993). As a result, the provided light tends to have very low utilization 
efficiencies in those photocatalytic processes.  
In the previous chapters, buoyant composite photocatalysts were prepared by 
immobilizing desired types of TiO2 particles on PP substrates and the TiO2 loading and its 
effects on photocatalytic performance were examined. In this chapter, buoyant composite 
photocatalysts with an adsorbent composite were prepared and the combined effect of 
photocatalyst and adsorbent on the performance in phenol removal from water was 
investigated. The selected adsorbent was activated carbon (AC) powder that has been 
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extensively used in water or wastewater treatment because of its comparatively low cost and 
excellent adsorption performance. The substrate of the buoyant composite photocatalyst was 
PP granule and the immobilized TiO2 was commercially available product, Degussa P25. 
Phenol was selected as the pollutant because it has low adsorbility to TiO2 (Bekkouche et al., 
2004). Phenol is also a common pollutant found in wastewater because of its wide industrial 
applications. Phenol and phenolic compounds are usually discharged from industries such 
as refinery factories, pesticides and insecticides production and pharmaceutical industries. 
These compounds are stable, toxic even at low concentrations and can remain in the 




6.2.1 Preparation of buoyant composite photocatalysts with an adsorbent 
component 
The used TiO2 photocatalyst was AEROXIDE® P25 TiO2 (Evonik Degussa, Germany) 
with an average particle size of 21 nm and a specific surface area (BET) of 50 ± 5 m2/g. The 
AC adsorbent was Darco® 100 mesh with a particle size of 149 μm, obtained from Norit, 
Netherlands. PP granules of 1 ~ 2 mm in diameter were purchased from a local company 
(Eveready, Singapore). First, 50 g of the TiO2 and 50 g of the AC were well mixed in a 
beaker. The mixture was then added into a 500 mL three-neck round-bottom flask placed on 
a heating mantle (Thermo, US). The content in the flask was stirred with a Teflon propeller 
at 150 rpm and heated for about 45 min until temperature of the mixture reached 180 °C. 
Then, 50 g of the PP granules were added into the flask, heated and stirred for 5 min. 
During this process, TiO2 particles and AC powders were melting-bond onto the surface of 
the PP granules. The produced PP granules were collected with sieves between 1mm and 
355 µm and cooled down to room temperature (23 °C). After that, the product was washed 
thoroughly with an ethanol/water (20/80 Vol.) mixture and then pure water, and finally dried 
in an oven at 60 °C overnight. Some produced granules had a density higher than water and 
sank to water bottom during washing, and these granules were removed in the washing 
process. The obtained final product was the buoyant composites photocatalysts to be used in 
this study.  
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6.2.2 Characterization and evaluation of the composite photocatalysts 
The surface morphologies of the buoyant composite photocatalyst were observed with 
a FESEM (JEOL JSM-6700F, Japan) under 5 kV electron beam, following the standard 
analysis procedure as described early in Chapter 3 Section 3.2.2.  
The adsorption property of the prepared composite material to phenol was evaluated. A 
10 g amount of the composite material was first immersed in a ethanol/water mixture (20/80 
Vol.) for 5 min and then rinsed with DI water (followed by drying with clean tissues) to 
improve the hydrophilicity of the composite material to the phenol water solution due to the 
high hydrophobicity of the AC on the surface of the produced PP granules. After that, the 
composite material was put into a bubble column reactor (H×W×L = 180×60×60 mm) made 
of transparent Acrylic glass and filled with 400 mL of 20 mg/L phenol solution. A 
ball-shape air distributor was placed at the reactor bottom and an air flow at a rate of about 
0.2 L/min was supplied to improve the mass transfer in the reactor. The reactor was kept in 
a dark place during the adsorption process. The phenol concentration in the solution was 
monitored by taking samples (about 1.5 mL each) at various time intervals and analyzed 
with the UV-Vis spectrophotometer (Jasco V660, Japan) at 270 nm that characterizes the 
peak wavelength of phenol (samples were returned to the reactor after the analysis). 
The photocatalytic degradation ability of phenol by the prepared composite 
photocatalyst was evaluated in the reactor under the irradiation of a 100 W UV lamp 
providing UV light at around 365 nm. In order to exclude the initial adsorption effect of 
phenol on the composite material, the degradation ability study was carried out for the 
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composite material directly in the phenol solution after the adsorption experiment described 
above. After the adsorption approached the equilibrium, the bubble column reactor with the 
composite material and the phenol solution was supplied with the light from the UV lamp 
placed 30 cm above the top surface of the phenol solution. The concentration of phenol in 
the solution was analyzed at various time intervals.  
6.2.3 Adsorption and photocatalytic regeneration experiments 
The prepared buoyant composite photocatalyst with an adsorbent component was 
studied in a two-stage adsorption and photocatalytic regeneration process for the 
performance in phenol removal. 10 g amount of the composite material was first used for 
the adsorption of phenol in 400 mL of 20 mg/L phenol solution for 30 min at room 
temperature. Then the composite materials were separated with the phenol solution and put 
into 400 mL DI water for regeneration under the irradiation of the 150 W xenon lamp (as 
the one in Chapter 5) for 0 to 10 h. As described in 6.2.2, the composite materials were first 
treated with an ethanol/water mixture for 5 min to improve the affinity to the phenol water 
solution before it was put into the 500 mL beaker filled with the 400 mL of 20 mg/L phenol 
solution stirred at 250 rpm. The concentration of phenol in the phenol solution after 30 min 
of adsorption was analyzed to determine the amount of adsorption. After the regeneration, 
the composite material was put into the beaker again to test its adsorption performance.  
In a further study, the composite material after phenol adsorption was placed in a 
400mL slurry with 1.5 g/L P25 TiO2 at 80 ºC to examine the recovery of the composite 
material’s adsorption capacity. Similarly, the adsorption time was 30 min and the 
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regeneration time was 2 h under the 150 W xenon lamp irradiation.  
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6.3 Results and discussion 
6.3.1 Morphologies of the new composite photocatalyst 
The picture of the newly prepared buoyant composite photocatalyst is shown in Figure 
6. 1. It can be seen that the composite material shows a grey color instead of the black color 
of the AC powder or the white color of the TiO2 powder in this part of the study. The picture 
was taken for the composite material with a weight ratio of 1:1 for TiO2 to AC. The 
dimension of the composite material was in a spherical form and around 2 mm in diameter, 
similar to that of the PP granules.  
 
Figure 6. 1 A photo of the buoyant composite photocatalyst prepared in this study 
The surface morphologies of the composite material are shown in Figure 6. 2. For the 
buoyant composite photocatalyst prepared using a powder mixture of TiO2 to AC at the 





of the AC powder surfaces was covered with TiO2 nano particles, and some TiO2 particles 
aggregated together and filled in the gaps among the AC powder. In Figure 6. 2 (b) with a 
higher magnification, TiO2 particles were found to cover the AC powder surfaces possibly 
in multiple layers and with a non-uniform distribution. The dark points in Figure 6. 2 (b) 
should be attributed to the pores of the immobilized AC powders.  
 
Figure 6. 2 Morphologies of the composite material prepared at the TiO2 to AC ratio of 1:1 (a) 
×2,000 (b) ×50,000 
6.3.2 Adsorption and degradation results of the composite material 
The adsorption results for phenol concentration change by adding 10 g of the 
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composite material in 400 mL of 20 mg/L phenol solution are shown in Figure 6. 3 (a). The 
adsorption reduction in phenol concentration was very fast within the first 10 min and then 
slowed down after about 30 min. The phenol concentration in the solution appeared to 
approach adsorption equilibrium from 120 min at which time around 50% of the phenol in 
the solution was adsorbed. Then, the bubble column reactor was operated for photocatalytic 
degradation of the remaining 50% phenol by applying the irradiation with the UV lamp. The 
degradation results of phenol after the 120 min adsorption under a dark condition are shown 
in Figure 6. 3 (b). The disappearance of phenol was comparatively faster within the first 30 
min of photocatalytic degradation (i.e. from 120 to 150 min in Figure 6. 3) and slowed 
down after about 30 min. Within the degradation time of 60 to 180 min (from 180 to 300 
min in Figure 6. 3), there was no significant reaction in the phenol concentration. Similar 
degradation results were also reported by Carpio et al. (2005) who used TiO2/AC powders 
together for phenol removal. One reason for the slowing down in phenol removal with the 
increase of the photocatalytic reaction time may be attributed to the production of 
intermediate compounds that competed the consumption of photocatalytic active species. 
The other possible reason may be due to the production of polymerized compounds from 
phenol photolysis that may attach to the TiO2 photocatalyst surface and block the pores of 
AC, and also block the migration of phenol molecules adsorbed on AC’s micro pores to 
TiO2 photocatalyst. From Figure 6. 3, it can be found that most phenol in the 400 mL of 20 
mg/L phenol solution was in fact removed by the adsorption and the photocatalytic 
degradation in around 60 min. To explore further alternatives in the application of the 
prepared composite material, a two-stage adsorption and regeneration process was 
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investigated and discussed in the following section. 
 
Figure 6. 3 Phenol concentration changes by a desorption (a) and by photocatalytic 
degradation (b) of phenol solution (C0 = 20 mg/L) 
6.3.3 Results in phenol removal performance from the two-stage adsorption and 
regeneration process 
The composite material with adsorbed phenol was first regenerated in DI water reactor 
as described in 6.2.3. The adsorption amounts before and after each regeneration of the 
composite material are given in Table 6. 1. The amounts of phenol removed under 
adsorption 0 denote the initial adsorption quantity of the composite material from the 400 
mL of 20 mg/L phenol solution for 30 min. The adsorbed amounts were from 2.85 to 3.51 
mg in the five initial adsorption experiments (36 to 44% of the phenol in the 400 mL 
solution). The magnitude of the adsorbed amounts is consistent with the result in Figure 6. 3. 
The 1st recovery is defined as the ratio of the removed phenol quantity in Adsorption 1 after 
the first regeneration to that of the initial quantity in Adsorption 0; while the 2nd recovery is 
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the ratio of the removed phenol quantity in Adsorption 2 after the second regeneration to 
that of the initial quantity in Adsorption 0. When there was no regeneration applied, the 1st 
recovery is the ratio of the removed phenol quantity in Adsorption 1 without any 
regeneration to that of the initial quantity in Adsorption 0, and the 2nd recovery is the ratio 
of the removed phenol quantity in Adsorption 2 without any regeneration to that of the 
initial quantity in Adsorption 0. 
Table 6. 1 Adsorption amounts of phenol by the composite material before or after each 
regeneration 
Regeneration time (h) 0 (No regeneration) 1/3 2 5 10 
Adsorption 0^ (mg) 3.25  3.04  3.15  3.51  2.85  
Adsorption 1^ (mg) 1.42  2.12  2.07  2.10  1.29  
Adsorption 2^ (mg) 1.23  1.55  1.54  1.22  0.83  
1st recovery* (%) 44  70  66 60  45  
2nd recovery* (%) 38  51  49  35  29  
^ adsorption performance was denoted as the phenol quantity (mg) removed from 400 mL 
phenol solution in 30 min 
* recovery was denoted as the ratio of adsorption performance after the regeneration to 
that before the regeneration 
The relationships between the recoveries and the regeneration times of the composite 
material are also graphically shown in Figure 6. 4, corresponding to the regeneration times 
of 0, 1/3, 2, 5 and 10 h. It can be found in Table 6. 1 and Figure 6. 4 when no regeneration 
was applied only 44% and 38% of adsorbing ability of the composite material was left for 
the second (Adsorption 1) and third adsorption (Adsorption 2). When when 20 min (1/3 h) 
regeneration was applied, the 1st and 2nd recoveries were increased to 70% and 51% 
respectively. A conclusion from these results may be made that the regeneration processes 
did help to recover the adsorption capability of the composite material, even though the 
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recoveries were still less than satisfactory (equals to or less than 70%). It has been found 
that the recoveries decreased when the regeneration time became longer for both the first 
and second regenerations. The phenomena may be explained similarly as in the discussion 
for Figure 6. 3 that some polymerized compounds may be produced from phenol photolysis 
and may attach to the composites and block the pores of AC. More polymerized compounds 
may be produced with longer regeneration time, and this may explain the phenomena that 
longer regeneration time did not result in higher recoveries.  
 
Figure 6. 4 Relationships between the recoveries and the regeneration time in DI water 
According to the results reported by Hu et al. (2000), polymerization of phenol can be 
reduced by the presence of the photocatalyst particles in the solution. Besides, another 
reason for the poor recovery may be due to the fact that the phenol were molecules adsorbed 
in the micro pores of AC strongly and were not easily transported to the TiO2 photocatalyst 
for degradation (Liu et al., 2004). The desorption of phenol from AC may be improved at a 
higher process temperature. Therefore, a new regeneration method in TiO2 slurry at 80 ºC 
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was tested and compared with the former one at room temperature. The comparison 
between the former regeneration method (DI water at room temperature 23 ºC) and the later 
regeneration method (TiO2 slurry at 80 ºC) is made in Figure 6. 5. Compared to the 
regeneration in the DI water at room temperature, the regeneration method in TiO2 slurry at 
80 ºC produced much improved recovery for the composite material’s adsorption ability. 
Around 90% of the adsorption ability can be recovered after the 1st regeneration and around 
70% adsorption ability can be maintained after the 2nd and 3rd regeneration.  
 
Figure 6. 5 Comparisons between the two regeneration methods (1) in DI water at 23 ºC and 
(2) in TiO2 slurry at 80 ºC 
The new regeneration method provided a more satisfactory result, and the 
improvement can be attributed to the TiO2 slurry and the raised temperature used. In order 
to understand the effect of the TiO2 slurry and the raised temperature, additional 
regeneration experiments were conducted in the TiO2 slurry at room temperature (23 ºC) or 
in the DI water at 80 ºC. The results are shown in Figure 6. 6. The 1st recoveries for the 
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regeneration in the TiO2 slurry at room temperature and in the DI water at 80 ºC were 
around 60% and 45%, respectively, and far below that in TiO2 slurry at 80 ºC (90%), 
indicating the necessity of both the TiO2 slurry and the high temperature for the 
regeneration efficiency. The TiO2 in the slurry may provide greater photocatalytic 
degradation capability and the higher temperature may help the phenol molecule’s 
desorption and its transfer from AC to TiO2. The 1st recovery for the regeneration in the DI 
water at 80 ºC (water 80C) was found to be lower than that at room temperature (water 23C). 
Since there were no TiO2 particles in both two situations, it may be due to the lower oxygen 
concentration in water at higher temperature (80 ºC) than that at lower temperature (room 
temperature 23 ºC).  
 
Figure 6. 6 Comparisons of recovery under different regeneration conditions (1) in TiO2 





The buoyant composite photocatalyst with an adsorbent component was examined for 
its performance in phenol removal through a two-stage adsorption and regeneration process. 
The composite material was successfully prepared with P25 TiO2 and AC particles 
immobilized on PP granules through a thermal binding process. The composite material 
showed both a fast adsorption and photocatalytic degradation of phenol in the first 30 to 60 
min. It has been found that the strong adsorption of phenol on AC may affect the ultimate 
removal efficiency of phenol by the photocatalytic degradation due to the poor migration of 
phenol molecules adsorbed on AC’s micro pores to TiO2 photocatalyst. In order to achieve 
better overall performance, an adsorption process followed by a regeneration process in 
TiO2 slurry at a raised temperature showed significantly improved performance for the 
composite material in phenol removal. The work in this chapter serves as preliminary study. 
Further work on the combination of adsorbent and photocatalyst with the prepared 
composite material needs to be investigated such as the ratio of the mixture, the affinity of 
the adsorbent to phenol, the TiO2 slurry concentration, and the adsorption time and 
regeneration time in the cycle. Other factors may also include the light source and light 




Conclusions and Suggested Future Studies 
7.1 Conclusions 
Main conclusions obtained from this thesis are summarized as below: 
(a) Buoyant composite photocatalyst with visible-light activity and PP as the 
substrate was successfully prepared. The preparation processes included the 
TEA-treatment of TiO2 nano sol, and a subsequent crystallization and 
immobilization of the modified TiO2 nano photocatalysts on PP substrates in a 
hydrothermal reactor at low temperature (only 150 ºC). 
(b) XRD result revealed that the main crystalline structure of the crystallization 
product of TiO2 photocatalysts prepared in the hydrothermal process was 
anatase. Raman and XPS analyses revealed that nitrogen atoms were doped 
into the TiO2 lattices due to the TEA treatment, forming a titanium nitride 
structure. This structure can lower the effective band gap energy of the 
modified TiO2 photocatalyst and hence greatly improved its visible light 
activity.  
(c) During the TEA-treatment of TiO2 nano sol, the inhibiting agent used in the 
preparation process was found to have an important effect on the 
photocatalytic activity of the prepared photocatalysts under the visible light. 
The photocatalyst with AcAc as the inhibiting agent clearly showed the 
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evidences of nitrogen being doped and showed greatly enhanced visible-light 
activity. The light absorption edge was up to 800 nm and the absorption rate 
for the visible light reached as high as 66.26%, depending on the TEA 
treatment time. However, the photocatalyst with AcOH as the inhibiting agent 
did not show any sign of nitrogen or carbon being doped into the TiO2 
photocatalyst, and therefore has no improvement in the visible light 
photoactivity.  
(d) In general, a longer TEA treatment time on the TiO2 nano sol can improve the 
visible-light photoactivity of the modified TiO2 photocatalysts. The total 
organic carbon contents of the modified TiO2 photocatalyst was also found to 
increase with the increase of the TEA treatment time, indicating the 
possibility of carbon being doped into TiO2 as well. Degradation experiments 
for MO dye with the buoyant composite photocatalysts demonstrated the 
feasibility to degrade the organic contaminant in aqueous solutions under both 
the UV and visible lights. 
(e) The loading of TiO2 photocatalyst on the PP substrate was greatly increased 
through a layered immobilization configuration on the PPF substrate with 
rutile TiO2 as the first layer and anatase TiO2 on its top. The flower-like 
morphology of the rutile TiO2 layer on the PPF substrate provided larger 
surface area for the immobilization of subsequent anatase TiO2 layer on the 
top, which increased the total amount of the loaded TiO2 on the substrate. 
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(f) According to the MO dye degradation performance, the prepared composite 
photocatalyst with a rutile layer plus a anatase layer achieved high TiO2 
loading as well as showed good photocatalytic activity with the potential of 
using sunlight as the light source. 
(g) The degradation pathways of MO dye with the prepared buoyant composite 
photocatalysts were found to be different under the UV and visible light 
irradiation. There observed more intermediate by-products during the 
degradation process under the visible light than under the UV light and it took 
longer time for these intermediate by-products to be completely degraded 
under the visible light.  
(h) The specific effect of the thickness of TiO2 film immobilized on the PPF 
substrate was studied with different light sources. The reactions were found to 
follow a pseudo-first-order reaction model. The degradation performance 
showed clear increase with the increase of photocatalyst film thickness on the 
buoyant composite photocatalyst under the irradiation of the visible light, but 
the performance remained unchanged under the irradiation of the UV light. 
(i) Analysis was conducted to reveal the effect of the photocatalyst film 
thickness to the photocatalytic reaction performance and it was found that a 
light source, according to its light intensity and wavelength range, requires a 
specific maximum thickness of the photocatalyst film to completely adsorb 
the light (defined as an active thickness δ). When the film thickness was 
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greater than the active thickness δ, the reaction rate did not increase with the 
film thickness; while the film thickness was smaller than the active thickness, 
the reaction rate increased with the film thickness. As the visible light usually 
has a greater wavelength and also a higher light intensity in this study, the 
MO dye degradation performance therefore increased with the photocatalyst 
film thicknesses under the visible light irradiation, due to the greater δ, as 
compared to that under the UV light irradiation. It also confirmed that the 
‘R+A’ buoyant composite photocatalyst with the highest loading of TiO2 was 
advantageous in photocatalytic degradation of MO dye when light source was 
mainly composed by the visible light, such the natural sunlight. 
(j) Buoyant composite photocatalyst with an adsorbent component was 
successfully prepared with P25 TiO2 and AC particles both immobilized on 
PP granules. The composite material showed excellent adsorption to phenol 
and good degradation of phenol in the solution in the first 30 to 60 min. It was 
found that the strong adsorption of phenol on AC may affect its migration 
from the adsorbent to the TiO2 photocatalyst, and thus affect the degradation 
performance. A two-stage process of adsorption followed by photocatalytic 
regeneration at 80 ºC was evaluated. The recovery of the composite material 
can be greatly improved at higher temperatures and in the TiO2 slurry during 
the regeneration process. 
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7.2 Suggested future studies 
A layered rutile and anatase TiO2 configuration on PP substrate has been developed 
and evaluated on the photocatalytic degradation performance for MO dye. TiO2 film with 
other morphologies may also be developed and examined for the buoyant photocatalyst 
composite with PP as the substrate. For example, it was reported that TiO2 nanotube arrays 
have been synthesized by a hydrothermal treatment of titanium films on a sapphire substrate 
(Miyauchi and Tokudome, 2007). Therefore, TiO2 photocatalysts film with the morphology 
of nanotube arrays on PP substrates may be possibly obtained by coating titanium on PP 
substrates followed by a hydrothermal treatment of the titanium films on the PP substrates. 
The purpose to develop TiO2 photocatalyst with other morphologies (i.e. nanotube 
morphology) on PP substrate may provide additional opportunities to investigate the 
photoactivity of buoyant composite photocatalyst with improved performance.  
Buoyant composite photocatalysts with an adsorbent component were prepared and 
tested for phenol removal in Chapter 6. The preparation of the composite material may be 
optimized. It was found that the photocatalytic degradation of phenol may be affected due to 
the strong adsorption of phenol on AC. Therefore, other adsorbents such as zeolite, with a 
weaker adsorption strength, may be used as the adsorbent component in the preparation of 
the desired buoyant composite photocatalyst. Meanwhile, the two-stage adsorption and 
photocatalytic regeneration process should be further examined and optimized. Parameters 
including the regeneration temperature and time, TiO2 concentration in the slurry and the 
ratio between TiO2 and AC adsorbent in the composite material can be investigated.  
Chapter 7 
153 
In the thesis, two pollutants-MO dye and phenol were used in the photocatalytic 
degradation reaction. Their adsorptions to TiO2 were found to be very different: the 
adsorption of phenol to TiO2 was low while the adsorption of MO dye to TiO2 was 
comparatively better. Meanwhile, the photocatalytic degradation of MO dyes showed better 
performance than that of phenol. Although this difference may be partially attributed to the 
different photocatalytic degradability of MO dye and phenol, the different adsorption and 
desorption strengths of MO dye and phenol to the composite material may also play an 
important role in the reaction performance. According to the photocatalytic reaction steps 
mentioned in Chapter 5, the photoreactions are generally believed to occur on the surface of 
TiO2. Hence, the photocatalytic activity of the buoyant composite photocatalyst to certain 
organic pollutants may be improved through improving surface adsorption. Possible routes 
to improve the surface adsorption include surface treatment such as acid surface treatment 
(Yu and Zhao, 2001) and plasma surface treatment (Jung et al., 2007). Furthermore, the 
surface treatment may also increase the selectivity of certain photocatalytic reaction 
(Hingorani et al., 1993), even though photocatalytic reactions are generally believed not to 
have much selectivity. Hence, the surface treatment of the buoyant composite photocatalyst 
may be another potential method to improve the photocatalyst’s adsorption to certain 
organic pollutants and the selectivity to certain reactions.  
Last but not least, this thesis focused on the development and characterization of the 
buoyant composite photocatalyst. The optimization of the photocatalyst activity serves as 
the basis of photocatalytic degradation of organic pollutants from aqueous solutions using 
buoyant composite photocatalysts. But in order to fulfill the ultimate purpose of the buoyant 
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